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PREFACE
This thesis deals with two somewhat different topics
although the difficulty of neutron detection underlies much 
of the work.
energy range. In the first experiment an activation technique 
was used, and the development of the apparatus is discussed.
excitation function. Both of the activation experiments 
required a knowledge of the half-lives of the respective final 
nuclei, and their measurement with high precision was undertaken.
The second section describes the performance and inter­
pretation of an experiment to measure angular distributions of 
neutrons scattered by alpha particles, for neutron energies
from 16 to 26 MeV. The principal purpose of the experiment was
4to provide data necessary for determining the n-He phase-shifts 
in this energy range. However, the resonance at 22.15 MeV
5neutron energy, corresponding to the 16.70 MeV state of He , and 
the yield curve of the He^(n,d)T reaction have also been studied
The first section is concerned primarily with a study
11of the nucleus C in energy states above 10 MeV excitation,
and was made by investigating the B1^ (p,n)C^, B1^ (p,a)Be^ and 
10 3 8B (p,He )Be reactions in the tandem Van de G-raaff accelerator
The equipment was also used in a study
in detail
(iv)
A number of appendices have been used in the arrangement 
of the thesis* The material in them is subsidiary to the main 
argument, but it should not be thought that they are unimportant*
The main theme of Section One was suggested by Professor 
E.W. Titterton, and the detailed work of designing the apparatus, 
taking the data and analysing the results was done, in equal part, 
by Mr. L.G. Earwaker and myself, under Professor Titterton's 
supervision*
The experiment of section two was planned by Dr. R.E. 
Shamu, who designed the apparatus* The work reported was done 
jointly with Dr. Shamu.
Almost all of the work described has been published as 
follows :
’’Half-lives of Carbon-10 and Neon-19”,
Nature 195 (l962) 271*
"The B^(p,n)C^ Excitation Function from Threshold to 
10*6 MeV",
Nuclear Physics 42, (1963) 521 
"The B^(p,a)Be^ Reaction between 2 and 11 MeV",
Nuclear Physics (to be published)
"The B1°(p,He3)Be8 Reaction",
Physics Letters 4, (1963) 142
(v)
"The F ^ ( p , n ) N e ^  R e a c t i o n  be tw een  5 and  11 MeV"
N u c l e a r  P h y s i c s  ,44 (1963)  453 
" N e u t r o n - A l p h a  S c a t t e r i n g  i n  t h e  20-MeV R an g e" ,
B u l l ,  Am. P hys .  S oc .  8, (1963)  477 ,  and  P h y s ,  Rev.
( t o  be p u b l i s h e d ) .
Mr. E a r w a k e r ,  P r o f e s s o r  T i t t e r t o n  and I  a l s o  i n v e s t i g a t e d  
"Energy  L e v e l s  o f  B^",  N u c l e a r  P h y s i c s  ( t o  be p u b l i s h e d ) ,  t h e  
s u b s t a n c e  o f  which has  n o t  been  i n c l u d e d  i n  t h i s  t h e s i s .
No p a r t  o f  t h i s  t h e s i s  h a s  been  s u b m i t t e d  f o r  a  d e g r e e
i n  any o t h e r  u n i v e r s i t y
(vi)
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SECTION ONE
1CHAPTER ONE INTRODUCTION
A d i s t i n g u i s h i n g  f e a tu r e  o f  low energy  n u c l e a r  r e a c t i o n s  i s  
th e  e x i s t e n c e  o f  s t r o n g ,  w e ll  d e f in e d  re so n a n c e s  in  th e  v a r io u s  c ro s s  
s e c t i o n s ,  The accu m u la t io n  o f  d a ta  on th e  p o s i t i o n  a.nd p r o p e r t i e s  o f  
such en erg y  l e v e l s  i n  l i g h t  n u c le i  r e p r e s e n t s  one o f  th e  m ajor f i e l d s  
o f  n u c l e a r  r e s e a r c h .  The prim ary  p u rp o se  o f  th e  i n v e s t i g a t i o n s  
r e p o r t e d  i n  S e c t io n  One o f  t h i s  t h e s i s  was to  d e te rm in e  th e  p o s i t i o n  
and p r o p e r t i e s  o f  some such l e v e l s  which have become a c c e s s i b l e  w ith  
th e  h ig h  r e s o l u t i o n ,  h ig h  s t a b i l i t y  tandem Van de G ra a f f  a c c e l e r a t o r .
Such in f o r m a t io n  i s  b e s t  o b ta in e d  th ro u g h  r e a c t i o n s  where 
th e  n u c le u s  o f  i n t e r e s t  becomes th e  i n t e r m e d i a t e ,  o r  compound, n u c le u s .  
I t  was N e i l s  Bohr (1936) who f i r s t  s t a t e d  how th e  o b se rv ed  re so n an ces  
in  c r o s s  s e c t i o n s  c o u ld  be u n d e rs to o d  in  te rm s of v i r t u a l  s t a t e s  o f  
n u c l e i .  The f a c t  t h a t  th e  re so n an c es  were n o t  s i n g l e  p a r t i c l e  l e v e l s  
im p l ie d  t h a t  th e  i n t e r a c t i o n  between th e  incom ing n u c le o n  and th e  
i n d i v i d u a l  n u c leo n s  o f  th e  t a r g e t  n u c le u s  was s t r o n g .  As a consequence , 
th e  incom ing p a r t i c l e  and th e  n u c le u s  i t  s t r u c k  c o a l e s c e d ,  form ing a 
compound system  in  which th e  energy o f  th e  i n c i d e n t  p a r t i c l e  was sh a re d  
r a p i d l y  w ith  many o f  t h e  t a r g e t  n u c le o n s .  T h e re fo re  th e  compound s t a t e  
l a s t e d  a long t im e ;  u n t i l  one o r  more n u c leo n s  o b ta in ed  enough en erg y , 
by some s t a t i s t i c a l  p r o c e s s ,  to  escape  from th e  n u c l e u s ,  o r  th e  n u c le u s  
d e - e x c i t e d  by Y -ray  e m is s io n .  B ohr’s p i c t u r e  d e s c r ib e d  a n u c le a r  
r e a c t i o n  a s  a tw o -s ta g e  p ro c e s s  : th e  fo rm a t io n  of a compound n u c leu s
by th e  bombardment o f  a  t a r g e t  n u c leu s  w ith  some p r o j e c t i l e ,  and i t s  
e v e n tu a l  decay by th e  e m iss io n  o f  a p a r t i c l e  o r  Y -ray ,  in  a manner
2independent of the mode of formation. This theory was successful in 
explaining nuclear resonance reactions in which the resonance energies 
were clearly related to levels of the compound nucleus. So began a 
long line of theoretical work that resulted in the R-matrix theory of 
nuclear reactions. This theory, pioneered primarily by Wigner and co­
workers, is very general, and contains very few assumptions. Since the 
early experimental studies of Permi (1934), a tremendous amount of work 
has also been accomplished in this field. This experimental work has 
been analysed successfully using the theoretical findings referred to 
above, and has prompted further endeavours,
When the theory is extended to higher energies, where the com­
pound system is excited in the region of many overlapping levels, the 
statistical approximation is applied (see, for example, Wedsskopf, 1937), 
The assumption is made that sufficient time is available for thermo­
dynamic equilibrium to be established. Under these conditions the mode 
of decay should be independent of the method of formation, so that the 
cross section for an (a,b) reaction is written
r(a,b) = 6* (a)P (b),c c
where 6^(a) is the cross section for formation of the compound nucleus
by capture of a particle a, and P (b) is the independent probabilityc
that the compound nucleus decays by emission of a particle b. The 
result is an averaging of the interference terms between different 
angular-momentum transitions; that is, the phase relations between the 
matrix elements of the transitions to and from the compound state are
random
3The + p work reported in this thesis has been analysed 
successfully in terms of the first of these two theories, namely 
the formal theory of resonances. However, the nuclear excitation 
energy region reached by the tandem accelerator is often somewhere 
between the energy regions where the above theories are expected to 
apply. This is therefore a difficult energy region to deal with 
theoretically, and very little work has been done which has direct 
relevance to data taken there. This problem arises in connection 
with the remainder of the work discussed in Section One, and some 
attention is given to the matter.
Not all collisions result in the formation of a compound 
nucleus, of course. There is always a finite probability that the 
incident particle will transfer its energy directly to a single 
nucleon in a target nucleus as it grazes its surface, or to a few 
nucleons in the nuclear surface, resulting in the emission of part­
icles of higher energy than that expected from the compound-nucleus 
picture. The several types of so-called direct interactions fall 
into this category. In the work reported here some fraction of the 
reactions proceed through such mechanisms, but no attempt has been 
made to study these in any detail. The compound nucleus events 
were of primary interest.
1.1 The Choice of the Work
Several factors contributed to the choice of the work des­
cribed in the first section of this thesis
4 .
F i r s t l y ,  the  p u rch ase  by th e  N u c lea r  P h y s ic s  D epartm ent o f  
a  tandem Van de G ra a f f ,  e l e c t r o s t a t i c ,  p o s i t i v e  io n  a c c e l e r a t o r  
g r e a t l y  ex tended  the  energy  range a v a i l a b l e  f o r  ex p e r im en ts  in  t h i s  
l a b o r a t o r y .  The m achine, a model EN tandem made by th e  High V oltage  
E n g in e e r in g  C o rp o ra t io n  (HVEC) o f t h e  USA, i s  c ap ab le  o f  a c c e l e r a t ­
in g  p r o to n s  (and o th e r  p o s i t i v e  io n s )  to  e n e r g ie s  i n  ex cess  o f  11 
MeV, w h ile  s t i l l  r e t a i n i n g  a l l  o f  th e  d e s i r a b l e  Van de G ra a f f  a c c e l ­
e r a t o r  c h a r a c t e r i s t i c s .  These in c lu d e  e n e rg y ,  c u r r e n t  and p o s i t i o n a l  
s t a b i l i t y  o f  the  beam, h igh  homogeneity and c o n t in u o u s  c o n t r o l  of 
beam e n e rg y , and s i m p l i c i t y  o f  o p e r a t io n  and m a in te n an c e .  Although 
two charge-exchange  p r o c e s s e s  a re  n e c e s s a r y  i n  th e  a c c e l e r a t i o n ,  
beam i n t e n s i t i e s  can be o b ta in e d  which p roved  to  be more than  ade­
q u a te  f o r  th e  ex p er im en ts  d e sc r ib e d  h e r e .  The beam i s ,  o f  c o u rs e ,  
s u b je c te d  to  m agnetic  a n a l y s i s ,  and d u r in g  our work th e  tandem and 
magnet were c a l i b r a t e d  f o r  energy every  f o u r  months o r  so u s in g  th e  
f o l lo w in g  a c c u r a t e ly  known r e a c t i o n  t h r e s h o l d s ,  A1 ( p , n ) ,
C ‘^ ( p , n ) ,  B1^ ( p ,n )  and N i^8 ,6 0 ( p , n ) .
With t h i s  machine a new and h ig h e r  range  o f  e x c i t a t i o n  
e n e r g ie s  i n  n u c l e i  became a v a i l a b l e  f o r  a c c u r a te  i n v e s t i g a t i o n .  
However, th e  ch o ice  o f  such n u c l e i  was somewhat r e s t r i c t e d  by th e  
n e c e s s i t y  o f  o b ta in in g  s u i t a b l e  t a r g e t s .  V/hile th e  ty p e  o f  t a r g e t  
chosen depended on a l a r g e  number o f  f a c t o r s ,  i n c lu d in g  th e  e x p e r i ­
ment and te c h n iq u e s  to  be u sed , t a r g e t s  were r e q u i r e d  which were 
t h i n  and i s o t o p i c a l l y  ’’pure '* , so t h a t  th e  l a r g e  backgrounds a r i s i n g  
from 10 MeV p a r t i c l e  bombardment were k e p t  to  a  minimum and th e
5r e s o l u t i o n  o b ta in e d  w ith  machine and d e t e c t o r  was u sed  e f f e c t i v e l y .  
The s e l f - s u p p o r t i n g  f o i l  t a r g e t  had become even more d e s i r a b l e  
th a n  b e f o r e ,
A good example o f  th e  developm ent in  ta rg e t -m a k in g  te c h n iq u e s
which fo l lo w e d  as  a r e s u l t  o f  t h i s  need  i s  th e  e lem ent bo ron .
S e l f - s u p p o r t i n g  boron t a r g e t s  were p a r t i c u l a r l y  d i f f i c u l t  to  make
due to  th e  e le m e n t’ s h ig h  m e lt in g  p o i n t  (2000-2080)°C , In  1961
M uggleton and Howe dev e lo p ed  a method f o r  p r e p a r in g  t h i n ,  s e l f -
s u p p o r t in g  boron f o i l s  in  vacuum, which in v o lv e d  th e  u se  o f  a
t i g h t l y  fo c u s se d  e l e c t r o n  beam to  p ro v id e  i n t e n s e  b u t  l o c a l
h e a t i n g .  L a te r  E r s k in e  and Gemmel (1963) r e p o r te d  an improved
v e r s io n  o f  the  same ty p e  o f  a p p a ra tu s  i n c o r p o r a t i n g  a w a te r -
co o led  anode to  red u ce  c o n tam in a t io n  o f  th e  t a r g e t  w ith  c r u c ib l e
m a t e r i a l ,  and an improved method o f  rem oving the  e v a p o ra te d  f o i l
from th e  tem porary  b a c k in g .  F o llo w in g  n e g o t i a t i o n s  by P r o f e s s o r
T i t t e r t o n ,  Mr. Howe and h i s  a s s o c i a t e s  a t  A lderm aston g r a c io u s ly
s u p p l ie d  a range  o f  boron t a r g e t s ,  e n r ic h e d  to  89/1> B and v a ry in g
2i n  th i c k n e s s  from 50 to  250 pgm/cm •
A t h i r d  f a c t o r  which in f lu e n c e d  th e  ch o ice  of th e  work was
11th e  f a c t  t h a t  l i t t l e  was known about t h e  n u c leu s  C in  energy 
s t a t e s  above 10 MeV e x c i t a t i o n ,  t h a t  i s ,  i n  the  tandem energy 
range  ( s e e ,  f o r  exam ple, A jzen b e rg -S e lo v e  and L a u r i t s e n ,  A-S and 
L, 1959)• A s t a t e  a t  10.08 MeV e x c i t a t i o n  was w e l l  e s t a b l i s h e d ,  
and t h e r e  seemed good ev id en ce  f o r  o th e r s  a t  10,68 and 10.89 MeV.
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Work by Cerino (1956) on the B (d,n)C reaction using nuclear
emulsions had suggested levels at 11.26 and 11.52 MeV, and states
at 12.3, 13*8 and 15.7 had been proposed by Kalinin et al. as a
result of a poor resolution, stacked foil experiment. However, a
great deal of information clearly remained to be found. Several 
10B + p experiments at once suggested themselves as possible modes
for investigating this energy region, particularly in view of the 
 ^ 10elegant B self-supporting targets which were available.
An attempt by Gibbons and Macklin (1959) to investigate the 
B^(p»n)C^ reaction with an array of BF, counters had been large- 
ly unsuccessful; they were only able to put an upper limit on the 
cross section at about 5.4 MeV proton energy. The only other 
reported B^(p,n)C^ work was carried out by Ajzenberg and Franzen 
(l954) when they detected, in nuclear emulsions, the neutrons pro­
duced by 17 MeV proton bombardment of an enriched boron target. 
However, the inherent difficulty of detecting neutrons with high 
precision can be overcome in the B^(p,n)C^ case, since this
reaction is extremely well suited to investigation by an activ-
10ation technique, 100$ of the positron decays of C proceeding 
via the 0.717 MeV level of B^. The detection of coincidences 
between the 0.717 MeV Y-ray and one of the 0.511 MeV annihilation 
radiation quanta allowed a unique identification of the 
B^(p,n)C^ reaction, even in the presence of other positron 
activities.
7The d e c is io n  to  c a r r y  ou t t h i s  ex p er im en t a l s o  f u l f i l l e d  
a n o th e r  d e s i r a b le  i f  n o t  n e c e s sa ry  c o n d i t i o n  a p p ly in g  to  th e  
choioe o f  th e  t h e s i s  work, namely th e  b u i ld in g  up o f  th e  range  of 
e x p e r im e n ta l  a p p a ra tu s  a v a i l a b l e  w ith  th e  C anberra  tandem . A 
good p ie c e  o f  a c t i v a t i o n  a p p a ra tu s  was a u s e f u l  a d d i t i o n  to  the  
m agnetic  s p e c tro m e te r s  and s c a t t e r i n g  cham bers . C h ap te r  3 des­
c r i b e s  th e  developm ent o f  th e  a c t i v a t i o n  a p p a r a tu s ,  and i t s  use
10 10in  a s tu d y  of the  B (p ,n )C  r e a c t i o n .
11S e v e ra l  new C s t a t e s  were d i s c o v e re d  in  t h i s  and o th e r  
i n v e s t i g a t i o n s  (Ophel e t  a l . ,  1962), and i t  was e v id e n t  t h a t  
f u r t h e r  work to  t r y  and de term ine  some o f  th e  p r o p e r t i e s  (such  as  
s p in ,  p a r i t y  and re d u ced  w id ths)  o f  t h e s e  l e v e l s ,  and o th e r  l e v e l s  
below th e  B ^ ( p , n ) C 1^ t h r e s h o ld ,  would be u s e f u l .  The a v a i l a b i l i t y  
o f  th e  s o l i d  s t a t e  d e t e c t o r  in  a h ig h ly  developed  form made th e  
c h o ice  o f  a  c h a r g e d - p a r t i c l e  ex per im en t most a t t r a c t i v e .  P h y s i­
c i s t s  a t  th e  C a l i f o r n i a  I n s t i t u t e  o f  Technology were known to  be
10i n v e s t i g a t i n g  the  e l a s t i c  s c a t t e r i n g  o f  p ro to n s  from B ; so i t
10 7was d e c id e d  to  s tudy  th e  B (p ,a )B e  r e a c t i o n  in  th e  hope t h a t ,
t o g e th e r  w ith  o th e r  work, i t  would com ple te  a  q u i t e  e x te n s iv e
11survey  o f  th e  e x c i t a t i o n  energy  re g io n  in  C from 10 to  19 MeV.
10 7This B ( p ,a ) 3 e  work i s  d e s c r ib e d  in  c h a p te r  4* D uring  th e  
cou rse  o f  th e  experim ent i t  became c l e a r  from th e  charged  p a r t i c l e  
s p e c t r a  b e in g  c o l l e c t e d  t h a t  d a ta  on th e  B (p,He ;Be r e a c t i o n  
cou ld  be o b ta in e d  s im u l ta n e o u s ly .  T h is  was done , and th e  m a t e r i a l
810i s  d i s c u s s e d  in  c o n ju n c t io n  w i th  t h e  B ( p , a )  c o n s i d e r a t i o n s  o f  
c h a p t e r  4«
During t h e  B ^ ( p , n ) c ^  work t h e  a c t i v a t i o n  a p p a r a t u s  was
deve loped  to  a  s t a g e  where i t  was p e r f o r m in g  very  r e l i a b l y  and
19/ \ 19p r o d u c in g  d a t a  a t  a f a s t  r a t e ,  F ^p ,n ;Ne i s  a n o t h e r  n e u t r o n -
p ro d u c in g  r e a c t i o n  w e l l  s u i t e d  t o  i n v e s t i g a t i o n  by an. a c t i v a t i o n
10method,  and so th e  B + p expe r im en t s  were fo l low ed  by a  s tudy
of  t h i s  r e a c t i o n .  The work i s  r e p o r t e d  i n  c h a p te r  5.  E x c i t a t i o n  
20e n e r g i e s  in  Ne up to  23.3  MeV were a t t a i n e d ,  and t h e  i n t e r p r e t -
20a t i o n  o f  t h e  e x c i t a t i o n  f u n c t i o n  d a t a  in  te rm s  of Ne s t r u c t u r e  
was n o t  c l e a r .  The a n a l y s i s  of th e  d a t a  i s  d i s c u s s e d .
The two a c t i v a t i o n  exper im en ts  r e p o r t e d  i n  c h a p t e r s  3 and 
5 were based  on measurements  o f  th e  p o s i t r o n  a c t i v i t i e s  of  the  
f i n a l  n u c l e i  o f  th e  r e s p e c t i v e  r e a c t i o n s .  The a n a l y s i s  of  the  
e x p e r im e n t s  r e q u i r e d  th e  v a lu e s  o f  t h e  h a l f - l i v e s  o f  t h e s e  n u c l e i ,  
and t h e  u n c e r t a i n t y  o f  t h e i r  magnitude  was r e f l e c t e d  i n  a c o r r e s ­
pond ing  u n c e r t a i n t y  i n  t h e  a c t i v a t i o n  r e s u l t s .  In d e e d ,  th e
pe r fo rm an ce  o f  t h e  ex p e r im en t s  depended on an a c c u r a t e  knowledge
10o f  t h e  h a l f - l i v e s .  The C decay c o n s t a n t  was known to  only  5$;
19t h a t  f o r  Ne ' had been measured many t im e s  wi th  v a r i o u s  deg rees  
of  a c c u r a c y ,  but even th e  b e t t e r  v a l u e s  d id  n o t  a g r e e .  Hence,
10b e f o r e  any o f  the  a c t i v a t i o n  work was b e g u n , th e  h a l f - l i v e s  o f  C 
19and Ne were measured with  h ig h  p r e c i s i o n .  The h ig h  degree  o f  
a c c u r a c y  ach ieved  was made p o s s i b l e  by a number of  f a c t o r s ,  among
9 .
th e n  b e in g  th e  a v a i l a b i l i t y  of one o f  th e  "new g e n e r a t i o n ” 
m u l t i - c h a n n e l  p u ls e  h e ig h t  a n a l y s e r s .  These d e te r m in a t io n s  a re
d e s c r ib e d  i n  c h a p te r  2
3.248 J-h
10Pig6 1 The positron decay schemes for C
10
CHAPTER TWO
10 19THE HALF-LIVES OF C AND Ne
2*1 I n t r o d u c t i o n
10 19Both C and Ne decay by p o s i t r o n  e m is s io n ,  and b o th
t r a n s i t i o n s  a r e  a llow ed  and fa v o u re d  (o r  s u p e r a l lo w e d ) • T h e ir
r e s p e c t i v e  decay schemes a re  shown in  f i g u r e  1# When t h i s  work
10began only  two measurements of th e  C h a l f - l i f e  had been 
r e p o r t e d ;  the  f i r s t  of 8 .8  s e c .  (D e lsasso  e t  a l . ,  1940) was 
th o u g h t  to  be i n  e r r o r  due to  an im p u r i ty  in  th e  boron  powder 
u s e d ,  th e  second, due to  S h e rr  e t  a l .  (194-9) was 19.1 — 0 .8  s e c .  
The l a t t e r  measurement was made by c o l l e c t i n g  on a s c a r i t e  
(NaOH on a s b e s to s )  th e  r a d i o a c t i v e  g a se s  produced  by 17 MeV 
p ro to n  bombardment o f  e n r ic h ed  CaF^.B F ^ . In  th e  case  o f
Ne , abou t seven  v a lu e s  ran g in g  from 17.4 -  0 .2  s e c .  to  
2 0 .3  -  0 .5  s e c .  had been r e p o r te d  (A-S and L, 1959), and even 
th e  ones w ith  l e a s t  e r r o r  d id  n o t  a g r e e .
As m entioned  in  c h a p te r  1, th e  main p u rp o se  i n  m easuring  
th e s e  two h a l f - l i v e s  was to  o b t a in  improved v a lu e s  f o r  use i n  
th e  B10(p ,n )C 10 and F 1^ (p ,n )N e 19 a c t i v a t i o n  s t u d i e s .  I t  i s  
a p p r o p r i a t e  to  o u t l i n e  h e re  th e  s im ple  th e o ry  p e r t i n e n t  to  th e  
a c t i v a t i o n  measurem ents to  show how th e  e x p e r im e n ta l  r e s u l t s
depended on th e  v a lu e s  o f  th e  decay c o n s ta n t s  o f  th e  b e ta - d e c a y in g
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f i n a l  n u c le i»  However, t h e r e  were o t h e r  r e a so n s  why a c c u r a t e  
v a lu e s  o f  th e s e  h a l f - l i v e s  were v a l u a b l e ,  and th e s e  r e a so n s  
a r e  o u t l i n e d  a f t e r  th e  a c t i v a t i o n  th e o ry »  This  i s  fo l lo w e d  by 
d e t a i l s  o f  th e  ex p er im en t and th e  su b se q u e n t  a n a l y s i s  o f  th e  
r e s u l t s »
2»2 A c t iv a t io n  Theory
The f i r s t  r e q u ire m e n t  in  th e  a n a l y s i s  of th e  a c t i v a t i o n  
m easurem ents  was a knowledge o f  th e  i n c i d e n t  beam energy» T h is  
has  been d is c u s s e d  in  c h a p te r  1» In  a d d i t i o n ,  i t  was n e c e s sa ry  
to  know th e  number o f  t r a n s m u ta t io n s  p e r  in c id e n t  p ro to n »  A 
fo rm u la  c o n n e c t in g  t h i s  y i e l d  w ith  t h e  e x p e r im e n ta l ly  measured 
q u a n t i t i e s  can be d e r iv e d  a s  fo l lo w s  :
L e t  n a number o f  r e a c t i o n s  p e r  p ro to n
a number o f  p ro to n s  i n c i d e n t  p e r  
second on th e  t a r g e t  
a number o f  decays re c o rd e d
number o f  decays r e c o rd e d  c o r r e c t e d  
f o r  p re v io u s  bombardments C, and f o r  
backgrounds
i»e»  C_ = C. -  C, -  backgrounds
e f f i c i e n c y  o f  e x p e r im e n ta l  a p p a r a tu s
f o r  d e t e c t i n g  decay s
zFig. 2 A representation of the production and decay of 
activity, induced in a target by an accelerator 
beam.
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t^  = bombardment time
t^ = time between end of bombardment and 
commencement of counting 
t_ s counting time
N(t) = number of radioactive nuclei present at
time t (t = 0, commencement of bombardment) 
\  a decay constant of radioactive nuclei
—  ^ "U ss half-life.
The situation is depicted in figure 2.
The total number of radioactive atoms produced during
the bombardment time t„ was
1
niVi
In practice the number of such atoms present at time
t = t „ was 1
M(t1) = N . ( l - e “ A t l)
where N = equilibrium number of atoms
* nin2 / A  (Kaplan, 1956)
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At time t = t. + tof t„ seconds after the bombardment,1 2 ' 2 1
N(t1 + t2) = NCt^e “ At2
= N,(« ~ At2) (1 - e _ A t 1 ) .
At the end of the counting period
N(ti + t2 + t?) = N(t1) e _ ^ ( t2 + t3^
= N.(e " At2) (e - Xt3) (1 - e - A t 1).
Therefore, the number of positrons produced in the counting time 
was
nß - N(t1 + t2) - N(t1 + t2 + t?)
- ( n ^ A )  (e - At2) (1 - e ~ A t 1)
X(1 - e - At3).
The number recorded (corrected for previous bombardments and 
backgrounds) was
C2
14
and so th e  f i n a l  e x p re s s io n  f o r  th e  y i e l d  n ^ > in  t r a n s m u ta t io n s  
p e r  p r o to n ,  i s
n 1 = C2/ \ / n 2f ( e  " A t 2 ) ( l  -  e “ A t l ) ( l  -  •  ~ A t 3 ) .
E x p e r im e n ta l ly ,  th e  q u a n t i t i e s  to  be m easured were
The measurement o f  t h e  f i r s t  s i x  o f  t h e s e  i s  d i s c u s s e d  
in  c o n ju n c t io n  w ith  th e  a c t i v a t i o n  m easu rem en ts ) th e  d e te rm in -
depended l a r g e l y  on th e  v a lu e  o f  th e  h a l f - l i f e  o f  th e  r a d i o a c t i v e  
a tom s.
I f  th e  t a r g e t  t h i c k n e s s  T cm. i s  known, i t  i s  p o s s i b l e  
to  make a d i r e c t  measurement o f  th e  c ro s s  s e c t i o n  Ö" f o r  th e  
r e a c t i o n .  The y i e l d  from a n u c l e a r  r e a c t i o n  ( th e  number o f  
r e a c t i o n s  p e r  p r o to n ,  n ^ ) p roduced  by p ro to n s  o f  energy E i s
a t i o n  of A i s  th e  s u b j e c t  o f  th e  p r e s e n t  c h a p t e r .  I t  i s  to  be 
no ted  t h a t  th e  c h o ice  o f  th e  l e n g th s  o f  t im e  t ^ , t ^  and t^
g iv en  by
n 1
E1
where E^ -  E  ^ i s  th e  energy  sp read  o f  th e  p ro to n  beam and
15
T
n^E)
x = 0
0^ (Ex)*d.dx
•Zd = target density (number of nuclei/cnr ) 
x sa distance proton penetrates target (cm.)
Ex =5 energy of proton at x.
In the special case, which is satisfied in all the 
experiments reported in Section One, where the variation in 
over the energy ranges corresponding to the target thickness 
and the spread of energy in the proton beam can be neglected, 
this expression simplifies to 
n * <5~*d.T
or, the number of reactions per proton, 
n1 = .n
2
n = target thickness in number of target nuclei/cm
2.3 Other reasons for measuring T ( C 10) and X(Ne19)
In 1934 Fermi devised a successful theory of beta-decay 
based on Pauli*s neutrino hypothesis. He drew an analogy 
between the emission of electrons and neutrinos from nuclei and 
the emission of photons from excited atoms* The forces involved 
are weak, so the problem was treated using perturbation theory.
A basic result of the theory was the expression for the disinteg­
ration constant for the transition of a system from an initial
16
s t a t e  i  to  a f i n a l  s t a t e  f
A  = ( 2 * 4 )  |H i f | 2 dn /d£
where dn/dE i s  th e  number o f  a c c e s s i b l e  f i n a l  s t a t e s  p e r  u n i t
o f  t o t a l  energy r e l e a s e d
and H.„ i s  th e  r e l e v a n t  m a t r ix  e lem en t x f
Hif - / v
i n  which  ^ and a re  th e  i n i t i a l  and f i n a l  s t a t e  wave 
f u n c t i o n s  and H i s  t h e  H am ilton ian  o p e r a to r  d e s c r ib in g  th e  weak 
i n t e r a c t i o n  between th e  e l e c t r o n - n e u t r i n o  f i e l d  and th e  n u c le u s .
U n fo r tu n a te ly  n e i t h e r  th e  wave f u n c t io n s  n o r  th e  i n t e r ­
a c t i o n  o p e r a to r  was, o r  now i s ,  known. Fermi a t t a c k e d  th e  
p rob lem  by w r i t i n g  down q u i t e  a r b i t r a r i l y  f o r  H th e  s im p le s t  
form  t h a t  was c o n s i s t e n t  w ith  th e  demands o f  r e l a t i v i t y  th e o ry  
-  b o th  th e  e l e c t i o n  and n e u t r in o  move a t  h ig h  sp ee d .  There were 
o n ly  f i v e  p o s s ib l e  form s t h a t  met a l l  r e q u i r e m e n ts ,  each hav ing  
a  form
Hi f  -  *  /  CUf*  k e & k v  t o ]  ° x Ui  dV*
Where ^ e ( r )  and ^ y ( , r )  were th e  wave f u n c t io n s  f o r  th e  e l e c t r o n  
and n e u t r i n o ,  and d e s c r ib e d  th e  n u c le u s  b e fo re  and a f t e r  th e  
e m is s io n  p r o c e s s ,  g was th e  Fermi c o n s t a n t ,  and 0x was an o p e r a to r  
t h a t  co u ld  have one o f  f i v e  fo rm s, c o r re sp o n d in g  to  a s c a l e r .
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polar-vector, tensor, axial-vector or pseudo-scaler interaction, 
Fermi himself postulated that the interaction responsible for 
beta-decay was essentially a vector interaction, often called the 
Universal Fermi Interaction. Gamow and Teller (1936), on the 
other hand, suggested that axial coupling between the transforming 
nucleon and the electron-neutrino field was of primary importance. 
At present, the Gamow-Teller picture appears to describe most 
cases of beta-decay, but there are a few instances where the Fermi 
interaction is required to describe the observations. The
a* B1^ , allowed and favoured, J ^  = 0+ — ►  0+, beta transition 
to the second excited state of is one such case. So, from 
time to time, the decay of C 1 has been under close scrutiny (for 
example, Sherr and Gerhart,1953, Bartis et al.,1962). The
t + +measurement of f T  values, and hence of half-lives, for 0 to 0 
positron transitions was known to be of use in calculating the 
vector coupling constant for beta-decay; for this can be compared
The f *C product or comparative half-life provides a useful 
criterion for the classification of radioactive transitions as 
allowed or forbidden to various degrees (Konopinski, 1941)• Here 
f is a theoretical factor which corrects the observed half-life ~U 
for the effects of the nuclear charge and the energy of the 
transition, thus reducing all half-lives to a comparable basis.
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with the coupling constant for muon decay, and so is of interest 
in establishing the validity of the Universal Fermi Interaction 
(Freeman et al., 1962)* Hence there were inducements other than 
the immediate one for measuring the half-lives with the maximum 
possible accuracy*
2*4 Experimental Details and Results
The experimental apparatus used for the half-life work 
was that developed for the activation measurements* This equip­
ment is discussed in full in chapter 3> where the relevance of 
its many features is clear. Here, only that amount of detail 
necessary for the understanding of the half-life work is given* 
was produced by the B1<^ (p,n)C1^ , Q = - 4*40 MeV 
reaction* A 200-230 p.gm/cm2 self-supporting boron target, 
enriched to 89$ B (by weight), was bombarded for 60 seconds 
with 0*1 |iA of 7.5 MeV protons from the tandem accelerator.
The branching ratios for the ß+-decay of are 98*4$ 
to the first excited state of B1^ (0.717 MeV excitation) and 
1*65 - 0*2$ to the second excited state, which thenJcascades
through the first excited state to the ground state (Sherr and
10Gerhart, 1953)* Hence the decay of C was uniquely identified 
by the 0*717 MeV Y-ray which followed the emission of all of the
13NNVHD H3d S1N003
Figo 3(a) A gamma-ray spectrum taken with one of the 
crystal spectrometers after a bombardment 
of with 8 MeV protona The hatched areas 
indicate the energy intervals selected for 
the coincidence measurements.
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positrons (see figure 1). It was decided* therefore, to use this 
Y-ray to measure the half-life, particularly as the target 
contained 8$ C^, which gave rise to a strong 20 min* positron 
activity* A 7*6 cm* x 7*6 cm. Nal(Tl) crystal spectrometer was 
set up with its front face 1*3 cm. from the target, and a Y-ray 
spectrum taken with the crystal is shown in figure 3a* A Franklin 
non-overload, double-delay-line, preamplifier-amplifier system 
followed the photomultiplier, and pulses in the 0*717 MeV Y-ray 
photopeak were selected with a single channel analyser and fed 
to an RIDL model 34-12 400-channel analyser, operating in its 
Time (multichannel scaler) Mode. In this mode the pulses of 
constant amplitude from the single channel analyser were stored 
in channel x until an external timing signal advanced the 
storage address to channel (x + l)* With a series of equally 
spaced timing pulses the number of counts per channel as a 
function of channel number was proportional to the number of 
decays as a function of time. A 100 kc/sec. crystal oscillator,
5having a stability better than one part in 10 , was scaled down
to provide a pulse which, after differentiation and amplification,
was used to advance the analyser address every two seconds (figure
3b)* The decay of the count rate in the single channel window was
10followed for 290 seconds, about fifteen C half-lives.
Fig. 3(b)
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A b lock  diagram of  t h e  c i r c u i t r y  used  to  advance 
t h e  m u l t i c h a n n e l  a n a l y s e r  a d d re s s  every  two 
s ec o n d s .
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I t  i s  worth n o t in g  h e re  t h a t  a t  t h e  b e g in n in g  o f t h i s  
work an RCL model 20618 512-ch an n e l a n a ly s e r  was u se d ,  o p e r a t i n g  
i n  i t s  S c a le r  Time (m u l t ic h a n n e l  s c a l e r )  Mode* T h is  a n a ly s e r  
had i t s  own c lo c k ,  capab le  o f  p ro v id in g  a d d r e s s  advance p u l s e s  
o v e r  a wide range o f  f r e q u e n c i e s .  However, th e  b a s ic  f r e q u e n cy  
o f  t h i s  m ech an ica l  c lo ck  was found to  be v e ry  te m p e ra tu re  s e n s i ­
t i v e ,  and to  va ry  by as  much as  -  2 p e rc e n t  o v e r  tim e i n t e r v a l s  
a s  s h o r t  a s  2 h o u rs ,  d e s p i t e  th e  m a n u f a c t u r e r s  c la im  o f b e t t e r  
th a n  0 .2  p e r c e n t  s t a b i l i t y .  A lso ,  th e  c lo c k  p u l s e s  o ccu p ied  
memory t im e ,  and so c o n t r i b u t e d  to  th e  a n a l y s e r  d e a d - t im e .  The 
RIDL p lu s  e x t e r n a l  c lo ck  system  was c l e a r l y  p r e f e r a b l e .
The t o t a l  c o u n tin g  r a t e  d e te c te d  had a maximum v a lu e  o f
3
ab o u t 9 x 10 co u n ts  p e r  second , and th e  c o u n t in g  r a t e  in  th e
3
s i n g l e  ch an n e l  a n a ly s e r  window had a maximum v a lu e  o f  1 .5  x 10 
c o u n ts  p e r  second . Under t h e s e  c o n d i t io n s  th e  opposing  e f f e c t s  
o f  p i l e  up and co u n t in g  l o s s  combined so a s  to  a l t e r  even th e  
h ig h e s t  c o u n t in g  r a t e  by a n e g l i g i b l e  amount. The e f f e c t i v e  
dead tim e o f  th e  a n a ly s e r  was a l s o  n e g l i g i b l e ,  s in c e  th e  p ro b a ­
b i l i t y  o f  two o r  more p u ls e s  o c c u r r in g  i n  th e  10 n s e c ,  memory- 
c y c le  tim e was ex trem ely  s m a l l .
Throughout th e  m easurem ents th e  g a in  o f  th e  c o u n te r  
system  was m o n ito red  by o b s e rv in g  the  p u ls e  h e i g h t  o f  th e  0 .511  
MeV photopeak  w ith  an o th e r  RIDL m u l t ic h a n n e l  p u l s e  h e ig h t
NUMBER OF OCCURRENCES
Fig, 4 A plot of background counts per channel versus their 
frequency of occurrence* The smooth curve is a 
Gaussian Distribution function.
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a n a l y s e r .  No s i g n i f i c a n t  g a in  changes were o b s e rv e d .  The beam
c u r r e n t s  used  i n  th e  bombardment o f  th e  t a r g e t  w ere , in d e ed ,
chosen to  make a l l  th e s e  p o s s i b l e  c o r r e c t i o n s  n e g l ig ib l e *
There was a background c o u n t in g  r a t e  o f  abou t 30 coun ts
p e r  second b e n e a th  th e  decay c u rv e ,  as can be seen  from f ig u r e
5 \  I t  was im p o r ta n t  to  v e r i f y  a c c u r a t e l y  t h a t  t h i s  background
was c o n s ta n t  d u r in g  th e  co u n t in g  p e r io d .  D ata  was accum ulated
f o r  a p p ro x im a te ly  15 h a l f - l i v e s  d u r in g  each r u n ,  so th e  l a s t  30
10c h an n e ls  each c o n ta in e d  l e s s  th a n  0 .0 2  p e r c e n t  o f  th e  C 
a c t i v i t y  p r e s e n t  a t  th e  b e g in n in g  o f  th e  c o u n t in g  p e r i o d .  A 
l a r g e  number o f  ru n s  were c o l l e c t e d ,  and th e  c o u n ts  in  th e  l a s t  
30 ch an n e ls  n o rm a l is e d  so t h a t  t h e i r  mean v a lu e  was 100 c o u n ts .
The r e s u l t a n t  c o u n ts  p e r  channe l were p l o t t e d  as  a  fu n c t io n  o f  
t h e i r  f req u e n cy  o f o c c u r re n c e .  As f i g u r e  4 shows, th e  r e s u l t i n g  
h is to g ra m  was f i t t e d  very  w e ll  w ith  a G auss ian  D i s t r i b u t i o n  
f u n c t io n ,  p ro v in g  t h a t  no l o n g - l i v e d  a c t i v i t i e s  were i n t e r f e r i n g  
w ith  th e  d a t a ,  t h a t  i s ,  t h a t  th e  background was c o n s t a n t .  The 
p o s s i b i l i t y  o f  th e  p re sen ce  o f  s h o r t - l i v e d  a c t i v i t i e s  was 
n eg a ted  by th e  l i n e a r i t y  o f  th e  lo g a r i th m ic  p l o t  o f  th e  d a ta ,  
d is c u s s e d  in  th e  n e x t  s e c t io n  d e a l in g  w ith  th e  a n a l y s i s  o f  th e  
r e s u l t s .
As a f u r t h e r  check t h a t  no o th e r  a c t i v i t i e s  were a f f e c t i n g  
th e  d a ta ,  a number o f  h a l f - l i f e  m easurements were made by
fo l lo w in g  th e  decay o f  th e  c o in c id e n c e  coun t r a t e  from a
10Fig. 5 A typical decay curve for C , together with a 
logarithmic plot of the data after subtraction 
of the background.
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D ynatron ty p e  10360 c o in c id e n c e  u n i t  o f  0 .2  j is e c .  r e s o lv in g  t im e .  
H ere , two 7 .6  cm. x 7 .6  cm. N a l ( T l  ) c r y s t a l s ,  p la c e d  on o p p o s i te  
s i d e s  o f ,  and 1.3 cm. from , th e  t a r g e t  were u s e d ,  one fe e d in g  a 
s in g l e  ch an n e l  a n a ly s e r  w ith  a  window over th e  0 .717  MeV p h o to p eak , 
and th e  o th e r  a s i m i l a r  a n a ly s e r  w ith  a  window ove r  th e  0 .511 MeV 
p h o topeak .
About 90 s e p a r a te  e x p e r im e n ta l  runs  were made by one o r  
o th e r  o f  th e  two methods d e s c r ib e d  above, and th e s e  were combined
i n t o  s ix  in d ep en d en t g roups o f  15 f o r  th e  a n a l y s i s  d e sc r ib e d  i n
10th e  n e x t  s e c t i o n .  T h is  a llo w ed  each d e te r m in a t io n  o f  th e  C 
h a l f - l i f e  to  have a h ig h  d eg ree  o f  s t a t i s t i c a l  a c c u ra c y .  The d a ta  
used  f o r  one c a l c u l a t i o n  i s  shown in  f i g u r e  5.
A part from th e  d i f f e r e n c e s  now to  be m en tio n ed , th e  d a t a
19f o r  d e te rm in in g  th e  h a l f - l i f e  o f  Ne was c o l l e c t e d  and p ro c e s s e d
10 19 19in  th e  same manner as  th a t  d e s c r ib e d  f o r  C • The F (p ,n )N e  ,
Q s  -4*04  MeV, r e a c t i o n  was u sed . A t a r g e t  was o b ta in e d  by
2
vacuum e v a p o ra t io n  of manganous f l u o r i d e  (MnF2 ) on to  a  300 |igm/cm
gold  f o i l ,  as  n e i t h e r  th e  manganese n o r  g o ld  gave r i s e  to  p o s i t r o n
a c t i v i t i e s  when bombarded w ith  p r o to n s .  T h is  t a r g e t  was s u b je c te d
19to  0 .1  |iA, 4 .8  MeV p r o to n  bombardment. Because th e  decay o f  Ne
p ro ceed s  100 p e rc e n t  to  th e  ground s t a t e  of F ^  (A-S and L, 1959),
19th e  decay o f  th e  Ne n u c l e i  produced  was fo l lo w ed  by o b s e rv in g  
th e  decay in  th e  c o u n t in g  r a t e  of p u l s e s  p a s s in g  th ro u g h  a s in g l e
13NNVH0 M3d SJLNOOO
F i g .  6 A gamma-ray spec trum  tak en  w i th  one o f  the  c r y s t a l  
s p e c t r o m e te r s  a f t e r  a bombardment o f  F*^ w i th  8 .3  
MeV p r o t o n s .  The ha tched  a r e a  i n d i c a t e s  t h e  energy  
i n t e r v a l  s e l e c t e d  f o r  th e  c o i n c i d e n c e  measurements .
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channel analyser window set over the 0*511 MeV annihilation 
Y-ray photopeak. Figure 6 shows a Y-ray spectrum obtained with 
the 7*6 cm x 7*6 cm crystal spectrometer used.
As a check on the presence of other activities, the decay 
of coincidences between the two annihilation quanta was also 
followed. This did not exclude from the measurement other 
positron activities on the target, but, because of the relation 
in space between the directions of the J-MeV quanta resulting 
from a positron annihilation, it did exclude the detection of 
other positron activities not emanating from the target* For 
example, the activity induced in the quartz viewer used to 
observe the position and focus of the beam was not detected.
The linearity of the logarithmic plots indicated that the effect 
of any impurity in the target was negligible*
2*5 Analysis of the Results
The fact that only one decay was measured in each experi­
mental run meant that about 15 of them could be added together to 
provide data with from 30,000 to 40,000 counts in the first 
channel. The last 25 channels of each such set of data were 
averaged, and the mean value subtracted from all channels as the 
constant background* As noted earlier, no other corrections had
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to be applied. The logarithm to the base 10 of the net counts 
per channel was tabulated.
For the decay of radioactive nuclei 
N (t) = N(0)e““ /^ t
where time t = 0 is the commencement of the counting period 
N(t) is the number of radioactive nuclei present at 
time t
and A  is the relevant decay constant.
Hence log Q N(t)/N(o) = -0.4343At.
However, the number of nuclei N(t) is proportional to the 
measured activity A(t) (Kaplan, 1956), so that 
H(t)/N(0) = A(t)/A(0)
or log1Q A(t) = log1() A(0) - 0.4343A  t.
Hence, if the log^ of the measured activity is plotted 
against time, a straight line should result whose slope is equal 
to -0.4343A. The half-life is then very easily found from the 
relation
X  = 0#693/A •
A plot of the logarithm of the net counting rate versus time for 
one set of half-life data is shown in figure S'.
Each point was then weighted by the reciprocal of the 
square of its statistical uncertainty (its variance ), and a 
straight line fitted to the first 30 of the points by the linear
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least squares method of Rose (1953). That is, a  functional fit
was made to the logarithm of the net number of counts per two
seconds, via
ii R >
H
- V
where, in our case,
*i = log Ni(t±)
= log N0
a2 = -0.4343 A
a3 = cx = •••• = 04
Ai1 = 1, Ai2 - ti
Ai3 — A.. — *.«•i4 = 0*
The coefficients a ^ were determined from
^  Wi^i "* ^"a A AiA )2= minimum,
where the weights w^ = 1/CT2 = N± 9
since d(log N^) II•HS3
<
II Mi » d(Ni) = Ni %
or 0"2(logNi) = 1/Nt.
Rose also derived an expression for the RMS error in a^, As
no computer was available ,these calculations, which were not
difficult, were made by hand, yielding the slope of the fitted
straight line (a^ = -0*4343 A), and hence the half-life, and
10its RMS error. It is to be remembered that, although only C
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10decays via the first excited state of B were counted, the decay
10constant obtained was that for the total C activity.
This analysis was performed on the six independent sets
10 19 of C half-life data, and the five independent Ne measurements.
The results are given in Table 1•
TABLE 1.
Half-life of C10 / \(sec.) Half-life of Ne (sec.)
Method Value Error Method Value Error
0.717 19.46 0.05 0.511 17.40 0.10
0.717 19.55 0.12 COINC 17.48 0.10
0.717 19.45 0.05 0.511 17.29 0.15
COINC 19.42 0.05 0.511 17.32 0.14
COINC 19.40 0.07 COINC 17.64 0.15
0.717 19.40 0.08
The standard deviation about their average of the respective
half-life values was also calculated, giving - 0.05 and - 0.13 sec. 
10 19for C and Ne respectively. The good agreement between these
values and the RMS errors obtained from the least squares fitting
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was s t r o n g  evidence  a g a i n s t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  l o n g - t e r m  
v a r i a t i o n s  in  th e  a p p a r a t u s .  The s t a n d a r d  d e v i a t i o n  o f  each of  
the  a v e r a g e s  of  the  h a l f - l i f e  v a l u e s ,  sometimes c a l l e d  t h e  
s t a n d a r d  e r r o r  (Evans,  I 9 5 5 ) j i s  g iven  w i th  t h e  a v e r a g e s ,  which 
were th e  f i n a l  r e s u l t s  o f  t h i s  work
T (C10) = 19.45 -  0 .0 3  s e c .
T (Ne19) = 17.43 -  0 .06  s e c .
The v a lu e  d i f f e r s  markedly  from t h a t  r e p o r t e d  by S h e r r  e t  a l .
(19•1 -  0 . 8  s e c . ) ,  and i t  i s  n o t  i n  c l o s e  agreement w i th  a measure­
ment r e p o r t e d  s u b s e q u e n t ly ,  namely 19.27 -  0 .0 8  s e c .  by B a r t i s  e t
19a l .  (1 9 6 2 ) .  The Ne h a l f - l i f e  i s  i n  good agreement w i th  one o f
th e  b e t t e r  v a lu e s  p r e v i o u s l y  r e p o r t e d ,  namely 17*4 -  0 .2  s e c .  due
to  H er rm an n sfe ld t  e t  a l .  (1959) ,  but n o t  w i th  o t h e r s .
10Combining t h e  C h a l f - l i f e  w i th  t h e  b ranch ing  r a t i o  f o r  
decay to  t h e  second e x c i t e d  s t a t e  of  B ^  gave t h e  p a r t i a l  h a l f - l i f e  
f o r  t h e  i n t e r e s t i n g  O"*" —► 0 + t r a n s i t i o n  as  19.80 s e c .
2 .6  D i s c u s s i o n
10 19The C and Ne h a l f - l i f e  v a lu e s  o b t a i n e d  a r e  very  
a c c u r a t e ;  t h e  e r r o r s  a r e  l e s s  th a n  0.15$ and 0.35$ r e s p e c t i v e l y .  
U n t i l  r e c e n t l y  ve ry  few h a l f - l i v e s  have been r e p o r t e d  wi th  such 
a deg ree  o f  c e r t a i n t y .  I f  a computer had been a v a i l a b l e ,  t h i s
cou ld  have been improved f u r t h e r  i f  so d e s i r e d ,  s i n c e  i t  would
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have been possible to test for slight curvatures in the logarithmic 
plots, that is, for the presence of very weak activities, and to 
check the results obtained by minimizing 2. )
with respect to X rather than in a non-linear least-squares 
straight-line fit. It is emphasized that the agreement between 
the RMS errors obtained from the fitting and the standard devi­
ations about their average of the half-life values means that such 
calculations were not important in the work described above.
However, in general, the ease, speed and accuracy of a computer 
are clearly preferable, allowing exhaustive tests of the data to 
be made.
The equipment now available, such as the new generation 
of multi-channel analysers and computers, when used in conjunction 
with careful and thoughtful experimental work, makes possible the 
measurement of half-lives to almost any required degree of accuracy. 
The method described in this chapter, where a unique Y-ray or other 
means of isolating the activity of interest is available, is a 
particularly powerful one.
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CHAPTER THREE
THE B1° ( p ,n ) C 10 EXCITATION FUNCTION 
3*1 I n t r o d u c t i o n
The major re a so n s  f o r  t h i s  dbudy, and  i t s  p a r t  i n  th e  
11i n v e s t i g a t i o n  o f  C energy  s t a t e s ,  have been  d is c u s s e d  in  
C hapter 1 . Neutron d e t e c t i o n ,  even to  a d eg ree  o f  a cc u ra cy  an 
o rd e r  o f  m agnitude worse th a n  can be o b ta in e d  in  charged  p a r t i c l e  
work, rem a in s  one o f  th e  most d i f f i c u l t  e x p e r im e n ta l  p rob lem s in  
n u c le a r  p h y s i c s ;  and as  th e  h igh  r e s o l u t i o n  machines a t t a i n  higher and 
h ig h e r  e n e r g ie s  t h i s  problem  becomes more and more a c u t e ,  because  
th e  energy  and th e  r a t e  o f  p ro d u c t io n  o f background  n e u t ro n s  r i s e  
a la r m in g ly .  As s h a l l  be i l l u s t r a t e d  h e r e ,  and a g a in  in  c h a p te r  6 , 
many o f  th e  b e s t  methods f o r  m easuring  n e u t r o n  e v en ts  a r e  i n d i r e c t ,  
in  t h a t  th e  n e u tro n s  th e m se lv e s  a re  n o t  d e t e c t e d .  The a c t i v a t i o n  
te ch n iq u e  i s  one such m ethod.
10T r a n s i t i o n s  to  th e  ground s t a t e  o f  C in  th e  r e a c t i o n  
B1^ ( p , n ) C ^  a re  i n h i b i t e d  by th e  l a r g e  s p in  change , A J  = 3* 
in v o lv e d .  As a r e s u l t  th e  c ro s s  s e c t i o n  below th e  f i r s t  e x c i t e d  
s t a t e  t h r e s h o l d  i s  s m a l l ,  and no e x c i t a t i o n  f u n c t io n  f o r  th e  
r e a c t i o n  had been m easured . In fo rm a t io n  on h ig h  ly in g  l e v e l s  o f
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was scarce, particularly above the B^(p,n)C^ threshold.
Kalinin et al. (1957) had carried out a poor resolution stacked 
foil experiment which suggested the presence of broad resonances 
in the B (p,a)Be excitation function at = 5*6 and 7.8 MeV,
11 4. 4.corresponding to broad levels in C at 13.8 - 0.2 and 15.7 - 0.2
MeV excitation energy, and subsequently Ophel et al. (1962) had
established the level in C11 at 13*90 i 0.02 MeV using the 
10B (p »P*y ) reaction; but this was all that was known.
The work recorded here was undertaken to measure the 
10 10B (p,n)C excitation function from threshold (E = 4.835 MeV,P
Takayanagi et al., 1961) to 10.6 MeV, and to search for levels of 
11C between 13*1 and 18.3 MeV excitation. As has been mentioned, 
the reaction was investigated most readily using an activation 
technique, since coincidences between the 0.717 MeV Y-ray and one 
of the 0.511 MeV annihilation radiation quanta (figs. 1 and 3a, 
chapter 2) allowed unique identification of the C activity even 
in the presence of other positron activities; for example, the 
B ^  (p,n)C^ (ß+)B^ ( X  = 20 min.) reaction, produced in the B ^  
content of the targets used, had a cross section approximately 50 
times that of B 1^ (p,n)c^, and contributed largely to the failure 
of previous attempts to study the B^(p,n)C^ reaction.
The development of the activation apparatus used is 
discussed before consideration of the perfoimance and interpretation 
of the experiment itself.
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3 .2  A para tu s
The measurement o f  an e x c i t a t i o n  f u n c t io n  by an a c t i v a t i o n  
te c h n iq u e  over an energy  range as  l a r g e  as  t h a t  of t h i s  experim ent 
i n v o lv e s  th e  a c t i v a t i o n  and subsequen t decay o f th e  t a r g e t  a  very  
l a r g e  number o f  t im e s .  I f  th e  B ^ ( p , n ) C ^  ex p e r im en t was to  be 
done in  a  r e a s o n a b le  tim e i t  was c l e a r  t h a t  t h e  p ro c e s s e s  in v o lv e d  
had to  be au tom ated  to  th e  maximum e x t e n t .  Care was th en  needed  to  
see  t h a t  a cc u ra cy  was m a in ta in e d .
A part from th e  n e c e s s i t y  o f  a u to m a t io n ,  o th e r  d e s ig n  con­
s i d e r a t i o n s  in c lu d e d
(a )  th e  u se  o f  two 7 .6  cm. x 7 .6  cm. N a l ( T l  ) Y -ray
s p e c t ro m e te r s  to  d e t e c t  th e  Y -rays  from th e  decay 
10o f  C ,
(b) maximum c o u n tin g  e f f i c i e n c y ,  p a r t i c u l a r l y  as  th e  
B ^ ( p , n ) C ^  c ro s s  s e c t i o n  was ex p ec ted  to  be sm a l l ,
(c )  maximum s h i e l d i n g  o f  th e  two c r y s t a l s ,  p a r t i c u l a r l y  
d u r in g  th e  bombardment p e r i o d s ,  to  m inim ize  g a in  
s h i f t s  due to  h igh  count r a t e s  and a c t i v a t i o n  o f  th e  
Nal c r y s t a l s ,
(d) mounting p o s i t i o n s  f o r  s e v e r a l  t a r g e t s  and f a c i l i t i e s  
f o r  p o s i t i o n i n g  them a c c u r a t e l y  and a u to m a t i c a l l y  in  
th e  beam ( t h i s  f a c i l i t y ,  d e s ig n ed  to  a l lo w  r e l a t i v e l y
l o n g - l i v e d  a c t i v i t i e s  to  d ie  away, was n o t  used
Fig. 7(a) A side elevation of the target chamber and 
associated equipment.
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extensively in this work because such activities did 
not affect the results),
(e) a cold trap to minimize contamination of the targets 
by mercury and carbon, and
(f) the provision of a quartz disc, viewed by a television 
camera, to align the beam onto the target.
The target chamber and counter arrangement are shown in 
figure 7* The chamber body was made of brass, and had to be com­
pletely lined with 0.02 cm. thick tantalum sheet to prevent 
activation of the brass walls by the proton beam. Early in the 
experiment accidental bombardment of the walls when aligning the 
beam resulted in the production of long lived activities in the 
copper and zinc components of the brass. These radioisotopes 
emitted Y-rays with energies from 0.5 to 1.8 MeV, greatly increas­
ing the random coincidence counting rate. Also, all sources of
positron activity had to be eliminated for the F (p,n)Ne work
10which was to follow the B + p investigations, since no unique 
Y-ray existed in that case.
A tantalum cylinder capable of moving vertically inside 
two sleeves, one above and one below the chamber, provided 
mounting positions for five targets. A remotely controlled motor 
and TV camera were used to drive the target support,and position 
the chosen target in the line of the beam to better than 0.05 cm.
Fig. 7(Id) A horizontal section through the target chamber 
and associated equipmenttshowing the tantalum 
lining and the shielding of the Nal crystals*
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A liquid air vapour trap of similar design to ones used 
previously in the laboratory (Bashkin and Ophel, 1962) was 
placed directly in front of the target. Some difficulty was 
experienced during the experiment with "jumps11 occurring in the 
excitation function, being one or more points which, by the dis­
continuous nature of the curve obtained, were clearly in error 
by as much as 2 0 It is believed that this trouble was due to 
incorrect current integration, caused by conduction through the 
large amount of water which condensed onto the target chamber 
near the vapour trap. Certainly after the use of the trap was 
discontinued no more "jumps" were observed; neither was there 
any detectable build-up on the target of mercury or carbon.
At the beginning of the work a HVEC, compressed-air- 
driven, quartz viewer was used in the position shown, but as the 
quartz became highly positron active, it was arranged to withdraw 
it to the end of the beam tube during counting operations. Here 
rotation of the viewer caused a tantalum flap to fall across the 
quartz disc, shielding it from the beam which passed through the 
thin targets.
In order to increase the detection efficiency, two flat 
sections were inset into the side of the chamber to take the front 
faces of the crystals. To minimize activation of the Na and I 
(for example, I (n,y)l (ß~) which gives a strong 0.45 MeV
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Y - r a y ) ,  t h e  two c o u n t e r s  were mounted on s m a l l ,  r e m o te ly  c o n t r o l l e d  
and co m p ressed -a i r—d r i v e n  t r o l l e y s ,  which were withdrawn 66 cm, 
from t h e  t a r g e t  d u r in g  t h e  bombardment p e r i o d ,  and th e n  brough t  to  
w i t h i n  1,3 cm, of t h e  t a r g e t  f o r  t h e  c o u n t in g  p e r i o d .
The s h i e l d i n g  used  i s  i l l u s t r a t e d  i n  f i g u r e  7 ( b ) .  Concrete  
l i n e d  w i th  cadmium s h e e t  s e rved  to  s h i e l d  t h e  c r y s t a l s  from n e u t r o n s  
o r i g i n a t i n g  in  th e  Fa raday  cup.  Lead b lo c k s  were used t o  p r o t e c t  
th e  d e t e c t o r s  in  t h e  c o u n t in g  p o s i t i o n  from r e s i d u a l  p o s i t r o n  
a c t i v i t y  i n  th e  q u a r t z ,  and in  th e  d i s t a n t  p o s i t i o n  from t h e  h igh  
f l u x  o f  Y -rays  p roduced when a l i g n i n g  th e  beam with  t h e  q u a r t z  
v i e w e r .  Lead s h e e t  0 .3 2  cm. t h i c k  was wrapped a round th e  c r y s t a l s  
to  r e d u c e  t h e  i n t e n s i t y  o f  low energy  Y -rays  from b o th  t h e  t a r g e t  
and t h e  c a p tu r e  o f  slow n e u t r o n s  i n  t h e  cadmium.
3*3 D e t e c t o r s
The use  o f  two 7 .6  cm. x 7 .6  cm. Nal s p e c t r o m e t e r s  mounted 
on t r o l l e y s  has  been m en t ioned .  As f i g u r e  8 shows t h e s e  Harshaw 
c r y s t a l - p h o t o m u l t i p l i e r  i n t e g r a l  u n i t s  were fo l low ed  by F r a n k l i n ,  
d o u b l e - d e l a y - l i n e  p r e a m p l i f i e r - a m p l i f i e r  sys tem s ,  and p u l s e s  i n  
th e  0 .717  and 0.511 MeV Y-ray p ho topeaks  were s e l e c t e d  w i th  s i n g l e  
channe l  a n a l y s e r s  and fe d  to  a slow c o in c i d e n c e  u n i t  w i th  a 
r e s o l v i n g  t im e  of  0 . 2  n s e c .  A c c id e n ta l  o r  random c o i n c i d e n c e s
were coun ted  s im u l t a n e o u s ly  with a second c o in c i d e n c e  u n i t  having
35
a one second de lay  in  one channel*
To p re v e n t  l a r g e  g a in  v a r i a t i o n s  in  t h e  p h o to m u l t i p l i e r s  
caused  by th e  h igh  c o u n t in g  r a t e s  e x p e r ie n c e d  when th e  beam was 
i n c i d e n t  on th e  t a r g e t ,  t h e  p h o t o m u l t i p l i e r s  were sh u t  o f f  
d u r in g  th e  bombardment by a p p ly in g  a r e v e r s e  b i a s  o f  -90  v o l t s  
between t h e i r  p h o to c a th o d es  and focus g r i d s  ( F a r i n e l l i  and 
Malvano, 1958)* S m all, slow g a in  d r i f t s ,  made a p p a re n t  by th e  
p o s i t i o n  o f  th e  0*511 MeV Y -ray  photopeak  re c o rd e d  on a m u l t i ­
channe l a n a ly s e r ,  were c o r r e c t e d  by H e l ip o t  ad ju s tm en t  o f  th e  
h igh  v o l t a g e  supply  o f  each  p h o t o m u l t i p l i e r .
3*4 T a rg e ts
F o r  p ro to n  e n e r g ie s  up to  8*5 MeV a t a r g e t  o f  s e p a r a te d  
boron m e ta l  ( > 9 9 * 9 $  B ) o f  nominal t h i c k n e s s  600 p-gm/cm 
d e p o s i t e d  on a t h ic k  ta n ta lu m  back ing  ^ was used* The energy  
lo s s  in  t h i s  t a r g e t  was ab o u t 44 keV a t  = 5 MeV. P r e l im in a r y  
m easurem ents showed t h a t  t h i s  t a r g e t  was n o n -u n ifo rm , and hence 
ca re  had to  be taken  to  bombard th e  same p o r t i o n  o f  th e  t a r g e t  
th ro u g h o u t  th e  e x p e r im en t .  The movable q u a r t z  v iew er m en tioned  
above was used  f o r  t h i s  p u rp o s e ,  and a t  each s e t t i n g  t h e  beam
t  O b ta ined  from th e  H arw ell  E le c t ro m a g n e t ic  S e p a ra to r  Group
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was fo c u s se d  t o  a s p o t  l e s s  th an  0 . 5  cm. i n  d i a m e te r  l o c a t e d
c e n t r a l l y  to  b e t t e r  than  0 .0 5  cm. This  p r o c e d u r e  a l lowed
re p ro d u c e a b le  r e s u l t s  to  be o b t a i n e d .
Above 8 .5  MeV, n e u t r o n s  from t h e  t a n t a l u m  back ing
(Hansen e t  a l . ,  1962) o f  t h e  t a r g e t  produced p r o h i b i t i v e l y  h igh
a c t i v i t i e s  i n  t h e  Nal d e t e c t o r s ,  even a t  t h e  d i s t a n t  p o s i t i o n
th e y  occupied  d u r in g  the  bombardment t im e .  F o r  t h e  remainder
o f  t h e  exper im ent  a s e l f - s u p p o r t i n g  boron f i l m  c o n t a i n i n g  105
|igm/cm^ of  was u s ed .  T h i s  t a r g e t  c o n t a i n e d  89$ B ^ ,  8$ B 1^ ,
some ca rbon  and t r a c e s  o f  t a n t a lu m .  At f i r s t ,  r e p ro d u c e a b le
r e s u l t s  cou ld  no t  be o b t a i n e d  with  th e  f o i l  t a r g e t .  C a l c u l a t i o n s
10showed t h a t  i t  was p r o b a b l e  t h a t  the  C n u c l e i  formed i n  t h e  
r e a c t i o n  were r e c o i l i n g  out  of  th e  t a r g e t  and be ing  l o s t  from the  
c oun t ing  r e g i o n .  A 3 mgm/cm gold  f o i l  was p l a c e d  d i r e c t l y  beh ind  
the  t a r g e t  t o  s top  t h e s e  r e c o i l i n g  n u c l e i ,  and th e  c o n s i s t e n t  
r e s u l t s  th e n  o b ta in e d  were e x p e r im e n ta l  p r o o f  of  th e  d i a g n o s i s .
3.5  E x p e r im en ta l  P r o ce d u re
The e x p e r im e n ta l  p ro c e d u re  was as  f o l l o w s .  The t a r g e t  
was i r r a d i a t e d  f o r  60 seconds  ( s l i g h t l y  g r e a t e r  than  t h r e e  h a l f  
l i v e s )  by which t ime 90$ of  th e  e q u i l i b r i u m  a c t i v i t y  was e s t a b l i s h e d ,  
th u s  making sm al l  t i m i n g  e r r o r s  i n s i g n i f i c a n t . The beam c u r r e n t
was measured by an E l c o r  model A309A c u r r e n t  i n t e g r a t o r  and was
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F i g .  9 A b lock  d iagram of  th e  c i r c u i t r y  used f o r  rem ote ly  con­
t r o l l i n g  t h e  a c t i v a t i o n  e x p e r im en t s .
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held as constant as possible during bombardment* Pen records of 
the beam current were kept during a number of days of data 
collection, and the beam current fluctuations observed contributed 
an error of less than 0.1$ to the activity calculated assuming a 
constant current. This error calculation is discussed in detail 
in Appendix A. During the beam-on period the crystals were with­
drawn from the target and the photomultipliers were biassed off.
At time 60 sec. a switch simultaneously operated a plunger to 
interrupt the beam 6m from the target, started an electronic timer 
and activated the compressed-air cylinders to bring the crystals 
up to the counting position (see figure 9). The crystals took 
1.5 sec. to move into position. At time 62 sec. the timer 
operated a fast acting relay switch which started the counting by 
removing the 90 volts bias from the photomultipliers. Coincidences 
in the two detectors were recorded for 60 sec., the count being 
terminated by reapplying the 90 volts bias with a manual reset 
pushbutton. Random coincidences were recorded at the same time.
At least a further two minutes was allowed before bombarding again, 
which meant that less than 0.2$ of the previous activity remained 
at the commencement of the following bombardment.
The beam current was chosen to be small enough so that 
counting losses were less than one percent. Typical values were 
0.03i^A and 0.1M.A for the thick and thin targets respectively.
— to
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F i g ,  10 The t o t a l  (p,n)C^ c r o s s  s e c t i o n  a s  a f u n c t i o n  o f  
e n e r g y .  The i n s e t  i s  a d e t a i l  of t h e  curve  i n  th$  
r e g i o n  of  E = 8 ,5  MeV, t h e  s o l i d  l i n e  be in g  a En  ^
f i t  t o  t h e  p o i n t s .
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3*6 Results and Discussion
The relative cross section was obtained in the form net 
true coincidence counts in 60 sec./ji Coulomb, which was propor­
tional to C^/n^ in the notation of chapter 2# During a run over 
a selected energy range, at least three determinations were made 
at each proton energy and averaged* The statistical error on 
this average was -3/6* Each energy interval was covered between 
six and nine times and the resulting excitation function shown 
in figure 10 represents an average of these individual runs 
weighted equally after normalisation* The r.m.s. error on the 
average curve, obtained from the deviation of each measurement 
from the mean, was -2$, a little greater than the statistical 
error* This meant that the structure of the curve in the
region E =7*5 MeV was not absolutely certain. However, theP
fact that the averaging failed to smear the curve into a single 
broad peak suggested the existence of two resonances in this 
region.
The excitation curve consisted of resonance structure 
superimposed on a continuous background* Presumably the 
background was due to direct interaction mechanisms and to 
constructive interference between the direct interaction and 
single particle resonance contributions. The resonance structure 
was of primary importance*
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3 . 6 . 1  Levels  i n  C11
The maxima i n  th e  e x c i t a t i o n  f u n c t i o n ,  o c c u r r i n g  a t  
p r o to n  e n e r g i e s  o f  5 .92 -  0 . 0 2 ,  6 .68  -  0 . 0 4 ,  7 .33  -  0 .0 5  and
7.60  -  0 .0 5  MeV, c o r re sponded  to  broad l e v e l s  i n  t h e  compound
11  +  +n uc leus  C a t  e x c i t a t i o n  e n e r g i e s  o f  14 .08  -  0 . 0 2 ,  14.78 -  0 .0 4 ,
15.36 -  0 .0 5  and 15.61 -  0 .0 5  MeV.
Although the  B ^ ( p , n ) C ^  r e a c t i o n  had no t  been s t u d i e d
p r e v i o u s l y  the  lower e x c i t a t i o n  e n e r g i e s  r e a c h e d  i n  t h i s  exper im en t
10 10had been a t t a i n e d  th rough  th e  B (p,p*Y) and B ( p , a )  r e a c t i o n s .  
Taking i n t o  account th e  b road  n a t u r e  o f  th e  l e v e l s  and th e  
d i f f e r e n c e  i n  p e n e t r a t i o n  f a c t o r s  f o r  t h e  r e s p e c t i v e  r e a c t i o n s ,  i t  
was r e a s o n a b l e  to suppose t h a t  t h e  l e i e l  a t  14 .08  MeV co r re sp o n d ed  
to  th e  l e v e l  p r e v i o u s l y  r e p o r t e d  a t  13*8 i  0 . 2  MeV ( K a l in in  e t  a l . ,  
1957) and 1 3 .9 0 -  0 .02  MeV (Ophel e t  a l . , 1962) .  The i l l - d e f i n e d  
l e v e l  o f  K a l i n i n  e t  a l .  a t  15 .7  -  0 .2  MeV p ro b a b ly  r e f l e c t e d  th e  
’’double r e s o n a n c e ” observed  in  t h i s  exper im en t  n e a r  to  15.5 MeV 
e x c i t a t i o n .
3 . 6 . 2  A bso lu te  Cross  S e c t io n
The ’’t h i c k ” t a r g e t  used  i n  t h e  expe r im en t  between t h r e s h o l d
and E = 8 . 5  MeV was non-un i fo rm  and u n s u i t a b l e  f o r  an a b s o l u t e  
P
c r o s s  s e c t i o n  measurement .  The s e l f - s u p p o r t i n g  B ^  t a r g e t  used  to
Fig, 11 The measurement of the thickness of the self-supporting 
target. The dots represent the C**^(p,n) threshold 
data taken with the slow neutron detector. The other 
curve shows the energy shift of the threshold when the 
B10 was placed in front of the target.
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obtain data from E = 8.5 to 10*6 MeV was much more uniform* ItsP
thickness was measured by observing the energy shift of the C (p,n) 
threshold when the proton beam passed through it (figure 11). A 
Nuclear Enterprises type NE 401 boron loaded plastic scintillator 
was used to detect the slow neutrons* From the measured energy
loss in the target the content of was calculated as 105 - 10
2 18 10 2 pgm/cm , or 6.44 x 10 B nuclei/cm •
The detection efficiency of the coincidence counting system
used in the experiment also had to be known. For the decay of one 
10C atom this was where and were the Y-ray photo­
peak total detection efficiencies of the spectrometers for the 
0.511 MeV annihilation quantum and 0.717 MeV Y-ray respectively.
The calculation and measurements of £  ^ and £ 0 are discussed in 
detail in Appendix B. It is sufficient to say here that a satis­
factory calculation of £  ^  was very difficult because of the high 
absorption ( 5 0 %) in the 0.32 cm. of lead shielding and in the
target chamber. Instead the absorption was measured experimentally
137for the 0.66 MeV Y-rays from a Cs source, and used to correct 
the calculated 0.717 MeV Y-ray detection efficiency without 
absorption. An experimental determination of £ was made using 
a Na source. Apart from the uncertainties in £^ and other 
errors were in the current integrator, which was accurate to -1$, 
and in the timing of the bombardments and counting periods, which 
were accurate to -0.5$* The r.m.s. error on the average number of
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counts per micro Coulomb was therefore estimated to be -2%• The 
distribution of errors is shown in Table 2; other sources of 
uncertainty, for example, in the value of the half-life, were 
negligible compared with those listed.
Table 2
Distribution of errors in the absolute cross section
measurement
Source of error Percentage
Target thickness h o #
Count s/p. coulomb ±2#
Total detection efficiency <C ±2.5#
Total detection efficiency £  0 ±5#
Total error ±12#
The reaction cross section, , was calculated as follows i 
In chapter 2 it was found that, in general, the number of reactions 
per proton, n^, was given by
ni = C2'V^12f(e*" ^ tl)(l-e“ ^ t3)
where = number of counts recorded
f = efficiency of counting arrangement
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= number of protons/sec. incident on the target 
= decay constant
t.,t0,t_= bombardment, waiting and counting times respectively; 
and, under certain conditions which were fulfilled in the B1^ (p,n)C^ 
experiment, n^ was also given by 
n^ = 0~.n
where n = number of target nuclei/cm •
Other factors considered were i
(a) There was no correlation between the directions of the 
0.511 and 0.717 MeV Y-rays. There was a correlation 
between the positron direction and that in which the 
0.717 MeV Y-ray was emitted, but the directions of 
the two 0.511 MeV quanta were independent of the 
positron path provided the positron did not annihilate 
in flight; and so both the 0.511 and 0.717 MeV Y-rays 
were isotropic and non-correlated.
(b) f = 2 S J[S 2 = 2 (see Appendix B) where the
2 arose from the fact that the two annihilation quanta 
were emitted in opposite directions.
Hence, for this case,
nl = C2V 2n2 M 2(e' A t 2 K 1-e"M l K 1-e" At3) Where all
the quantities on the right-hand side were known, and C  = n^/n.
The absolute reaction cross section at a proton energy of 8.50 
MeV was found to be 2.0 i 0.2 mb. A cross section for the reaction
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had been r e p o r t e d  by only  one o t h e r  g r o u p .  Gibbons and Macklin 
(1959) sugges ted  th e  v a lue  (X ^  2 mb a t  5.51 MeV, w hi le  our 
measurements gave 0 .5 0  -  0 .04  mb a t  5*51 MeV.
3 . 6 . 3  F i r s t  E x c i te d  S t a t e  o f
The sharp  r i s e  i n  c ro s s  s e c t i o n  a t  E = 8 .5 5  MeV was
P
i n t e r e s t i n g .  I t  co r re sponded  c l o s e l y  to  the  energy  a t  which
10n e u t r o n  t r a n s i t i o n s  t o  t h e  f i r s t  e x c i t e d  s t a t e  o f  C became
e n e r g e t i c a l l y  p o s s i b l e .  Because o f  t h e  l a r g e  s p i n  d i f f e r e n c e ,
n e u t r o n  em iss ion  to  t h e  ground s t a t e  o f  was r e s t r i c t e d ,  hence
t h e  y i e l d  was low. At th e  t h r e s h o l d  o f  the  f i r s t  e x c i t e d  s t a t e ,
however,  s-wave n e u t r o n  emiss ion  became p o s s i b l e  and ,  i n  th e
absence  o f  r e s o n an c es  i n  t h i s  energy  r e g i o n  and f o r  a t h i n  t a r g e t ,
th e  y i e l d  above t h r e s h o l d  was ex p ec te d  to  r i s e  a c c o r d in g  to  t h e
sq u a re  r o o t  o f  th e  c e n t r e  o f  mass n e u t r o n  energy  E^ ( B l a t t  and
Weisskopf,  1952, f o r  example) .  T h i s  r e g i o n  of  t h e  e x c i t a t i o n
f u n c t i o n  was r e p e a t e d  i n  g r e a t e r  d e t a i l  and th e  d a t a  f i t t e d  by a
1
curve  o f  t h e  form c r o s s  s e c t i o n  aE^2 ( s e e  i n s e t  i n  f i g u r e l O ) .  The
X
c o n t in u o u s  l i n e  r e p r e s e n t s  th e  f i t t e d  E^2 c u rv e ,  and i t  can be seen
t h a t  a r e a so n a b ly  good f i t  t o  th e  e x p e r im e n t a l  d a t a  was o b t a i n e d .
Assuming t h a t  th e  c r o s s  s e c t i o n  r i s e  a t  E = 8 .5 5  MeV was a
P
t h r e s h o l d  c o r re sp o n d in g  to  t h e  f i r s t  e x c i t e d  s t a t e ,  the  l e v e l  was 
l o c a t e d  a t  3 .38  -  0 .0 3  MeV compared to  th e  p r e v i o u s  d e t e r m i n a t i o n
of  3 .4  -  0 .2  MeV (Ajzenberg  and F r a n z e n ,  1954)*
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CHAPTER FOUR
10 7THE B' (p,a)Be REACTION BETWEEN 2 and 11 MEV 
4.1 Introduction
10 7As mentioned in chapter 1, a study of the B (p,a)Bef
reaction logically followed the B1^(p,n)C1^ investigations. A 
11number of C energy levels, both below and above the 
10 10B (p,n)C threshold, were known, but few attempts had been
made to determine their properties. For reasons that will become
clear later, attention was restricted to those levels above 10
11 ‘ 11MeV excitation in C • A summary of the C energy states known
at the beginning of this work is given in figure 12.
Approximately 10 groups of workers had observed the 10.08
MeV state using a number of B ^  + p and B ^  + d reactions (A-S and
L, 1959 and 1962). Cronin (1954) and Overley and Whaling (1962)
had assigned a spin of 7/2+ to this level, and determined a
number of its other properties, such as reduced widths, using the
B^(p,a)Be^ and B^(p,p)B^ reactions. Overley and Andreev et al.
(1962) had confirmed the existence of a state at 10.67 MeV, first 
10 11seen in the B (d,n)c work of Cerino (1956) and Graue and 
Trumpy (1957)• Overley had suggested that the spin and parity 
were 9/2+ , and had given values for the aQ and proton reduced
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widths. Cerino, Graue,and Day and Huus’ (1954) investigations
of the B (p,y)c reaction had placed a state at 10.89 MeV,
while Cerino had suggested further possible levels at 11.5 and
11.5 MeV. The latter had been confirmed by the work of Ophel
et al. (l962), whose B (p,xY) studies had also suggested states
10 10at 12.65 and 15*90 MeV. The B (p,n)c experiment of chapter 5
had earlier confirmed the originally uncertain 15*9 MeV state of
Kalinin et al. (1957)• The (p,n) work had also suggested further
states 14.8, 15*4 and 15.6 MeV. No confirmation had been found
for the 12.5 MeV state tentatively suggested by Kalinin and Bain
et al. (1955).
10 7The B u(p,a)Be' experiment was begun in the hope of more
firmly establishing many of these levels and of determining some
of their properties. Because the alpha-particle has spin zero,
there was only one channel spin available to the outgoing system,
and this increased the possibility of making assignments of spins,
parities and reduced widths to states of the intermediate system,
11C , by studying the angular distributions of the alpha-particles 
produced.
Semi-conductor,charge-particle detectors were used. A 
great deal has justifiably been written about the revolution these 
counters have wrought in low energy nuclear physics (for example, 
G.L. Miller et al. (1962)). Their more outstanding characteristics 
can be appreciated if a comparison is made with other charged-
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p a r t i c l e  d e t e c t o r s .  They a re  s u p e r i o r  t o  s c i n t i l l a t o r s  because
o f  t h e i r  l i n e a r i t y  over a ve ry  wide range  o f  e n e r g i e s ,  t h e i r
speed o f  r e s p o n s e ,  low background ,  and t h e  low v o l t a g e  supply
r e q u i r e d  f o r  t h e i r  o p e r a t i o n .  However, th e y  do have s l i g h t
l i m i t a t i o n s  wi th  r e s p e c t  to  s i z e  and d e p th  o f  d e p l e t i o n  l a y e r .
The v a r i a b i l i t y  o f  th e  d e p l e t i o n  l a y e r  o f  a s o l i d  s t a t e  c o u n te r
i s  one o f  i t s  major a s s e t s ,  and t h i s  f a c i l i t y  was used  i n  t h e  
10 7B (pjoOBe* expe r im en t .  They a r e  h i g h l y  s t a b l e  d e v i c e s ,  and 
t h e i r  r e s o l u t i o n  i s  only  a l i t t l e  i n f e r i o r  t o  t h a t  o b t a i n a b l e  
wi th  m agne ts .  Compared to  m agnet ic  s p e c t r o m e t e r s  they  have t h e  
advan tages  o f  a l lo w in g  an e n t i r e  spec t rum to  be t ak en  a t  o nce ,  
a l a r g e r  e f f e c t i v e  s o l i d  a n g l e ,  sm a l ln e s s  o f  s i z e  and r e l a t i v e  
ch eap n ess .
With t h e s e  d e t e c t o r s  e x c i t a t i o n  f u n c t i o n s  were t a k e n  f o r
10 Ta l p h a - p a r t i c l e  groups  from t h e  B (p ,a )B e  r e a c t i o n  p ro c e e d in g
7
to  th e  ground ( a Q) and f i r s t  e x c i t e d  (a^ )  s t a t e s  o f  Be , f o r
p r o to n  bombarding e n e r g i e s  from 1 .8  to  10 .8  MeV. T h i r t y  a n g u l a r
d i s t r i b u t i o n s  f o r  both  a Q and were t a k e n  between p r o to n
e n e r g i e s  o f  2 .8  and 7 .0  MeV. The l i m i t s  on t h e  energy ran g es
over which t h e s e  d a t a  were t a k e n  a r e  e x p l a i n e d  i n  s e c t i o n  4 . 2 .
10 7During  t h i s  s tudy  o f  the  B ( p , a ) B e f r e a c t i o n  i t  became
10 3 8c l e a r  t h a t  i n f o r m a t i o n  on t h e  B (p,He^)Be r e a c t i o n  cou ld  be 
o b ta in e d  s i m u l t a n e o u s l y .  Measurements o f  t h e  e x c i t a t i o n  f u n c t i o n s
f o r  the  (p ,He^)  r e a c t i o n  l e a d i n g  t o  th e  g round  s t a t e  o f  Be^ were
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taken at laboratory angles of 50° and 90°, together with a
number of angular distributions obtained in the energy range
E = 4 to 10 MeV.P
10 3 8Existing information about the reaction B (p,He^)Be was 
of a preliminary nature only. Craig et al. (1952) had identified 
the reaction at two proton energies using an electrostatic
3analyzer to detect the He particles. They had determined an
approximate differential cross section at E = 3«4 MeV and
P
measured the reaction Q-value. Reynolds (1955) had also observed 
the reaction, but made no quantitative measurements.
4*2 Experimental Procedure and Results
2A 100 pgm/cm self-supporting boron target, containing 
89$ B 1^  and 8$ B11 by weight, was mounted on a rotatable support 
at the centre of an 18 cm diameter scattering chamber, and was 
bombarded with a 0.02 pA proton beam from the Canberra tandem 
accelerator. The beam entered the chamber through two 1.6 mm 
diameter collimating holes in carbon discs, which were followed 
by two carbon antiscatter discs with 3.2 mm diameter holes.
After passing through the target the beam was collected in a 
Faraday cup, which was insulated from the chamber to allow 
integration of the beam current.
The alpha-particles were detected by a 4.5 mm x 4.5 mm,
x  1000
120
CHANNEL NUMBER
F ig .  13 A spectrum  o f h e l i u m - p a r t i c l e s  from th e  bombardment of 
by p ro to n s  o f  energy 4*70 MeV, observed  a t  a 
l a b o r a to r y  a n g le  o f  90°.
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300 -Ol-cm, gold-silicon surface barrier detector, which was
mounted inside the vacuum, 6.35 cm. from the target, in such a
manner that it could be placed at any angle, with respect to
the beam axis, around the target. The angular scale was
determined by taking measurements of the energy of the aQ
particles at a number of angles to the left and right of the
beam direction. The sensitive depth of the counter was adjusted,
by varying the reverse bias on it, in such a manner that the
maximum energy which protons deposited in the counter was always
3considerably less than the He and a-particle energies. By this 
procedure it was possible to separate the helium particles from 
the high background of elastically scattered protons. The pulses 
from the detector were amplified by an Ortec charge-sensitive 
preamplifier-amplifier system, and were collected by a multi­
channel pulse-height analyser. It was established experimentally 
that if the dead-time of the analyser was not allowed to exceed 
5$, Hpile-upH of pulses in the electronics was negligible. A 
spectrum, taken at a proton energy of 4*70 MeV, is shown in figure 
13.
Spectra were taken at a number of energies and angles to
prove that the small peak clearly evident in most of them (see
\ 3 10/ 3\ 8figure 13) was due to He particles from the B ^p,He )Be
Q
reaction, proceeding to the ground state of Be • This proof is 
discussed in Appendix C. A similar method was used to first
• • • • o o o o
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Fig* 14 E x c i t a t i o n  f u n c t i o n s  f o r  t h e  a Q and g roups  from t h e  
B ^ ( p , a ) B e ^  r e a c t i o n ,  t a k e n  a t  l a b o r a to r j r  a n g le s  of 
50° and 90°* S t a t i s t i c a l  e r r o r s  a r e  o f  t h e  o rd e r  o f  
t h e  s i z e  o f  th e  p o i n t s *  The arrows i n d i c a t e  e n e r g i e s  
where a n g u la r  d i s t r i b u t i o n s  were measured*
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Fig. 15 The ground state transition cross sections as a function
of energy for the (p,He^)Be8 and B 1^ (p,aQ)Be^ reactions, 
the former for laboratory angles of 50° and 90° and the 
latter for 90°. The arrov/ed points indicate energies where 
He^ angular distributions were measured.
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10 7i d e n t i f y  t h e  a Q and g roups  from th e  B (p , a )B e  r e a c t i o n .
To o b t a i n  a b s o l u t e  c r o s s  s e c t i o n s  f o r  th e  r e a c t i o n s  i t
was n e c e s s a r y  to  measure t h e  t h i c k n e s s  o f  B ^  i n  t h e  t a r g e t .
10This  was done by comparing t h e  y i e l d s  o f  B ( p , a Q) a l p h a - p a r t i c l e s  
from th e  t a r g e t  used  and from a t a r g e t  o f  t h e  same com pos i t ion  and 
method o f  m a n u fa c tu r e ,  whose t h i c k n e s s  had been  de te rm ined  
p r e v i o u s l y  by measur ing  t h e  energy l o s t  i n  t h e  t a r g e t  by 3*3 MeV 
p r o t o n s  ( s e e  c h a p t e r  3 ) .  Th is  compar ison was made a t  s e v e r a l  
e n e r g i e s ,  and th e  t h i c k n e s s  o f  B ^  d e te rm ined  as  (77 -  15) ^gm/cm^.
3
The y i e l d s  o f  ocq , and He were measured ,  as f u n c t i o n s
of  p r o to n  bombarding en e rg y ,  every  50 keV from 1 .8  to  a maximum
o f  10.8 MeV, a t  l a b o r a t o r y  a n g le s  o f  50° and 9 0 ° .  The e x c i t a t i o n
f u n c t i o n s  o b t a i n e d  a r e  shown p l o t t e d  as d i f f e r e n t i a l  c r o s s
s e c t i o n s  i n  f i g u r e s  14 and 15. The a e x c i t a t i o n  f u n c t i o n  a t  50°o
was t a k en  up to  10 .8  MeV bombarding energy ,  b u t  t h a t  a t  90° was 
measured to  on ly  9 .5  MeV b ecause  o f  i n c r e a s e d  o v e r l a p p in g  above
3
t h i s  energy o f  t h e  ground s t a t e  a l p h a - p a r t i c l e  group and t h e  He
3
group .  For  a s i m i l a r  r e a s o n  th e  and He e x c i t a t i o n  f u n c t i o n s  
a t  90° c ea s e  w e l l  below t h e  c o r r e sp o n d in g  ones  a t  50°.  The lower 
l i m i t  o f  t h e  e x c i t a t i o n  f u n c t i o n s ,  namely E =  1 ,8  MeV, was
Jr
imposed by t h e  minimum energy  h e l i u m - p a r t i c l e s  t h a t  cou ld  be 
d e t e c t e d  by t h e  s o l i d  s t a t e  c o u n t e r .  Below t h i s  energy t h e  
i n c r e a s e d  n o i s e  and p o o r e r  r e s o l u t i o n  o f  t h e  d e t e c t o r ,  caused  by 
th e  very  low b i a s  t h a t  had to  be a p p l i e d  t o  su p p re s s  a l l  t h e
6.0
5: 3.6 M«V 7: 3.9 MaV
{/) S.0
9: 4.1 MaV 12: 4.4 MaV 13: 4.5 MaV
Ü  0
19: 5.1 HaV
8.0
23: 5.6 MaV 25: 6.0 MaV 27: 6.4 MaV
110° 150° 30° 70° 110* 150°
30° 70° 110° 150° 30
CENTRE OF MASS ANGLE
70° 110* 150®
Fig. 16 Selected angular distributions of the aQ group from the 
B1^(p,a)Be^ reaction. The curves are experimental, and 
the numbering corresponds to that of fig. 14# 
Statistical errors are of the order of the size of the 
points.
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, F i g .  17 S e l e c t e d  a n g u l a r  d i s t r i b u t i o n s  of  th e  a-j group from the  
B ^ ( p , a ) B e ^  r e a c t i o n .  The c u rv e s  a r e  e x p e r i m e n t a l ,  and 
th e  numbering co r re sp o n d s  to  t h a t  of  f i g .  14* 
S t a t i s t i c a l  e r r o r s  a r e  o f  th e  o r d e r  of  the  s i z e  o f  th e  
p o i n t s .
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s c a t t e r e d  p ro to n  p u l s e s ,  made th e  s p e c t r a  o b ta in e d  u n u s a b le .
The v a lue  o f  (10 -  2) m b / s t r .  f o r  th e  B1^ ( p , a o )
d i f f e r e n t i a l  c ro s s  s e c t i o n  a t  90° a t  th e  E = 2 .2  MeV re so n a n c e
P
i s  n o t  i n  agreem ent w ith  th e  (18  i  2) m b / s t r .  r e p o r te d  p r e v i o u s l y  
by O verley  and Whaling (1962)•  The s o l i d  a n g le  sub tended  by th e  
s e n s i t i v e  a r e a  of th e  c o u n te r  a t  th e  c e n t r e  of th e  ta r g e t  was 
4 .87  x 10“ 5 str.
3
Angular d i s t r i b u t i o n s  f o r  a Q, and He p a r t i c l e s  were
measured a t  th e  p ro to n  e n e r g ie s  shown a rrow ed  in  f i g u r e s  14 and 15>
and s e l e c t i o n s  o f  them a re  shown in  f i g u r e s  16,17 and 18. A ngular
d i s t r i b u t i o n s  cou ld  no t be ta k e n  a t  lower p ro to n  e n e r g ie s  b eca u se
th e  low energy  helium  p a r t i c l e s  cou ld  no t  be d e te c te d  a t  backward
3
a n g le s .  As th e  p ro to n  energy  was in c r e a s e d  above 6 .0  MeV, He 
m easurements a t  backward a n g le s  a g a in  became im p o ss ib le  due to
3
in c re a s e d  o v e r la p p in g  of th e  He group and th e  f i r s t  e x c i t e d  s t a t e  
a g roup . Most o f  th e  a n g u la r  d i s t r i b u t i o n s  were ta k e n  w ith  
t h i r t e e n  a n g le s ,  from 0 = 30° to  150° in  10° s t e p s ,  e n a b l in g
an e s t im a te  to  be made of th e  m agnitude o f  t h e  c o n t r i b u t i o n s  o f  
te rm s of o r d e r s  0 to  6 to  th e  po lynom ia l e x p an s io n  d e s c r ib e d  in  
s e c t i o n  4 . 3 . 1 .  Measurements were no t made a t  s m a l le r  and l a r g e r  
a n g le s  b ecau se  o f  th e  p o s s i b i l i t y  o f  i n t e r c e p t i n g  the  beam w ith  
th e  c o u n te r  a ssem bly .
D ata  were ta k en  w ith  th e  t a r g e t  a t  45° to  th e  beam d i r e c t i o n .  
The a n g u la r  range  30° to  100° was covered  w ith  th e  t a r g e t  f o i l  i n
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4*3 Analysis and Discussion of Results
4.3*1 Least Squares Analysis of Angular Distributions
An expression for the angular distribution of the
particles resulting from a reaction in which a single resonance
level of the compound nucleus is excited has been given by Blatt
and Biedenharn (1952), who simplified the general equations of
earlier workers by eliminating all sums over magnetic quantum
numbers. Such a reaction is characterized by the quantities
a s J a* s* * £ *. where a denotes the particular1 2  1 2
pair of particles in the ingoing channel, s is the vector sum of 
the spins of the pair (the channel spin), ^  and L ^  are two 
possible values of the relative orbital angular momentum between 
the pair, and J is the spin of the compound state through which 
the reaction passes. The primed quantities have identical 
definitions in the outgoing channel. The differential cross 
section is then given by
dff'/dil(a,a‘) = a2/(2i+1)(21+1) BL(a»,a)PL(cosö),
L=0
Lmax
where B (a*,a)
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J ^ J> 3 L) z( J ^ J> s’ L) *«< 1 s- * 2 *«•»' v
So's' iz 'X C0S L ^ a  t 1 “ l2 + 5 a i £ 2iJ ♦
Here P\ is the de Broglie wave length divided by 2 7C , 
i and I are the projectile and target nucleus spins,
Eq is the resonance energy, 
j”1 is the total width of the resonance, 
gas^is the square root of the partial width ^ as £ 
and 3Ta £ - 'S g is the phase difference between the two
partial waves.
The Z ( a b c d, e f) are the Z coefficients defined by 
Biedenharn, Blatt and Rose (1952), which are closely related to
the Racah coefficients* They obey all the selection rules for
*Racah coefficients as well as the selection rule Z = 0 unless 
(a + c + f) is even. The most useful tabulation of the Z 
coefficients has been given by Sharp et al. (1954)• In the 
B^(p,a)Be^ reaction, B ^  had spin 3+ and the proton had spin -g+, 
so there were two possible ingoing channel spins 7/2 and 5/2*
The function is defined only for integral or half-integral 
values of the quantities a b o d e  and f, with the limitation 
that each of the four triads ( a b e), (c d e), (a c f) and 
(b d f) has an integral sum.
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Pigo 19 The energy dependence of the total cross section 47TA0, 
for the a0 group from the B1(^ (p,a)Be^ reaction, derived 
from a Legendre polynomial analysis of the a0 angular 
distributions.
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LABORATORY PROTON ENERGY-MeV
. Pig. 21 The energy dependence of the coefficients A-^  (L = 0,2,4) 
obtained from the expansion AjPj^ cos O) of the 
angular distributions of the group from the 
B1^ (p,a)Be^ reaction.
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4*3*2 The E = 2*2 MeV l e v e l  
P
The known r e so n an ce  a t  E = 2*18 MeV (10*67 MeV e x c i t a t i o n
P
1 1i n  C ) was ve ry  e v i d e n t  ( f i g u r e  14)* Overley and Whaling,  on 
t h e  b a s i s  of  t h e i r  p r o to n  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  and 
t h e  n o n - r e s o n a n t  b e h av io u r  o f  t h e  g roup ,  had s u g g es te d  t h a t  
t h e  l e v e l  was J  ^  = 9 / 2 + , w i th  t h e  p r o to n  and a Q p a r t i a l  w id ths  
c o n t r i b u t i n g  e q u a l l y  to  a t o t a l  wid th  o f  200 keV. Th is  f i g u r e  
f o r  P 1 was conf i rm ed  by a measurement o f  (220 -  30) keV* 
U n f o r t u n a t e l y  i t  was n o t  p o s s i b l e  i n  our exper im en t  to  t a k e  
a n g u la r  d i s t r i b u t i o n s  over  t h e  re sonance  in  an a t t e m p t  t o  v e r i f y  
t h i s  s p in  and p a r i t y  a ss ignm en t  because  t h e  low energy a l p h a -  
p a r t i c l e s  c o u ld  n o t  be d e t e c t e d  a t  backward a n g l e s .
4*3*3 The E^ = 4 .4  MeV l e v e l
The dominant re so n an c e  i n  t h e  rem a in d e r  of th e  energy
range covered  was t h a t  a t  a bombarding energy o f  4*4 MeV*
11This  l e v e l ,  a t  12*65 MeV e x c i t a t i o n  i n  C , was r e s o n a n t  f o r  
bo th  (Xq and , and had a t o t a l  width o f  a p p ro x im a te ly  400 keV* 
These v a lu e s  were i n  agreement w i th  th o s e  o f  Ophel e t  a l * ,  who 
r e p o r t e d  a l e v e l  a t  4 .36 MeV, 400 keV wide.  The a b s o l u t e  t o t a l  
c r o s s  s e c t i o n s  (47CAq ) f o r  t h e  B1^ ( p , a Q) and B ^ ( p , a ^ )  r e a c t i o n s
56
a t  Ep = 4 .4  MeV were ( 16O -  30)mb and (75  -  15) mb r e s p e c t i v e l y ,  
th e  e r r o r s  being  imposed by the  u n c e r t a in t y  in  th e  t a r g e t  
t h i c k n e s s  measurement.
I t  was assumed th a t  th e r e  was o n ly  a s i n g l e  l e v e l  in  th e  
peak a t  4 .4  MeV, and th a t  th e  u s u a l  s i n g l e  l e v e l  form ulae  
a p p l i e d .  Then th e  argument p roceeded  as  f o l l o w s  ;
A lower l i m i t  on th e  sp in  J o f  the  compound s t a t e  was 
imposed by a knowledge o f  th e  a b s o lu t e  c r o s s  s e c t i o n .  The c r o s s  
s e c t i o n  f o r  a reso n a n t  r e a c t io n  a t  th e  peak may be w r i t t e n
O '  = 7 T Ä 2 ) / ( 2 i + 1 )(21+1 ) ] 4 F d T r / f ( 1)
where jH^ i s  the p a r t i a l  w idth f o r  th e  incom ing chan n el
l r  i s  the p a r t i a l  width fo r  th e  o u tg o in g  channel
and f 1 i s  the  t o t a l  w id th .
Here f ”7 ^  jP  + / + 3 + /""^i1 * p a a* ’ He 1 P-o 1 •
r s j  f 1 +  r  +  I “ 1 J  s i n c e  /  . was n e g l i g i b l e  (Ophel) and — ' p ' a  I a * p:
s in c e  th e  He'’ data  showed no resonance  s t r u c t u r e  in  t h i s  energy  
region# Because th e  r a t i o  o f  the  p a r t i a l  w id th s  a t  any energy i s  
equal to  th e  r a t io  o f  t h e i r  c r o s s  s e c t i o n s  a t  t h a t  en erg y ,
r = r + ar ,was e x p r e s s e d  as / f  /  where was found in
r i  0 1
terms o f  / and a was t h e r e f o r e  a known c o n s ta n t  a t  the  ' a
o 10 7
resonance  en erg y .  The B ( p ,a Q)Be c r o s s  s e c t i o n  then  had i t s
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maximum v a lu e  when = a , and so th e  f o l lo w in g  i n e q u a l i t y  
was e s t a b l i s h e d  :
O' (p>a0 ) ^  ( 7 T X 2A )  Q ( 2 J + l ) / ( 2 i + l ) ( 2 I + l ) J
where J  was th e  on ly  unknown q u a n t i ty *
The lower l i m i t  on th e  s p in  of th e  12*65 MeV s t a t e  of
1 1C , imposed by th e  t o t a l  ( p , a Q) and (p>a^) c ro s s  s e c t i o n s  a f t e r  
s u b t r a c t i o n  of an e s t im a te d  background from o th e r  s t a t e s ,  was 
J 7r>  1 1 /2 * * .
Using e q u a t io n  ( l )  f o r  r  = clq and r  = a * in  t u r n ,  and 
s u b s t i t u t i n g  the  m easured va lu e  P*= 400 keV and a J  v a lu e  
^ 1 l / 2 ,  i t  was p o s s i b l e ,  by s o lv in g  th e s e  two e q u a t io n s  and 
th e  t o t a l  w id th  e q u a t io n  s im u l ta n e o u s ly ,  to  g e t  p r e d i c t e d  v a lu e s
Ta
chosen* The p e n e t r a b i l i t i e s  f o r  th e  p ro to n s  and a lp h a -
p a r t i c l e s  o f  v a r io u s  o r b i t a l  a n g u la r  momenta L  were c a l c u l a t e d  
u s in g  th e  g raphs of Coulomb F u n c t io n s  com piled  by Sharp  e t  a l .
f o r  th e  p a r t i a l  w id th s  f~~ ,^ [~"ao and I f o r  each s p in  v a lu e
I f  th e  p r e s e n t  d a ta  had been n o rm a l is e d  to  t h a t  o f  O verley  
and Whaling a t  E^ = 2*2 MeV, th e n  th e  t o t a l  ( p , a Q) c ro s s  
s e c t i o n  a t  E^ = 4*4 MeV would have been  ap p ro x im a te ly  280 mb* 
A f te r  background s u b t r a c t i o n ,  t h i s  would have im p l ie d  a sp in  
J 71 ^  19/2 f o r  th e  s t a t e .
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(1955)* The channel radius was chosen according to the 
prescription R = 1#45(A + k^'^) x 10*"1  ^cm# Then the
relationship f“* ^
predicted reduced widths Y
P . #Y „ was used to calculate a l ast
as£ • There is an approximate upper 
limit to the value any reduced width can have, the so-called 
Wigner limit (Teichmann and Wigner, 1952) 0 Y ^ ^  3 P>R^ ,
where is Planck’s constant divided by 2
p. is the reduced mass in the channel 
and R is the channel radius.
It was found that spins of 11/2 and more gave alpha-particle
reduced widths exceeding the Wigner sum rule limit, which
suggested that the values for the cross sections were too large.
However, the figure for the total width of the level
seemed reliable, f~* = 400 keV. But F* = + F aQ + /"^ a^  and,
at Ep = 4.4 MeV, Fa^/ / aQ = <T(p>a^ )/0~(p,aQ ) = 0.37. Maximum
(p,a ) cross section was obtained if j""* = 1.37 F a  • So /""a o p o o
Fa„ = 0*05 MeV. The corresponding reduced widths
i a 4
0.15 MeV and 1
were less than the Wigner limits only for 3 and
^  4, giving I/tT • The maximum cross sections
obtained for J = 7/2 were then 36$ less than the measured values.
The vanishing at E =4*4 MeV of all AT with L even andP ^
non-zero in the polynomial expansions, suggested that the 
resonance contributions to both the dQ and angular distributions
there were isotropic. J = 7/2+ yielded isotropic distributions
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f o r  oc^  and i f  i t  was assumed t h a t  on ly  s-wave p r o t o n s  con­
t r i b u t e d ;  J  "^ = 7/ 2"* cou ld  no t  g iv e  i s o t r o p i c  d i s t r i b u t i o n s *
The e x i s t e n c e  of th e  l a r g e ,  r e s o n a n t  A te rm i n  th e  a d i s t r i b -
 ^ o
u t i o n  c o u ld  be explained as i n t e r f e r e n c e  between t h e  7/2  s t a t e  
and a n e ig h b o u r in g  s t a t e  o f  s i n c e  such an i n t e r f e r e n c e  would 
c o n t r i b u t e  an L = 3 t e rm  o n ly ,  as r e q u i r e d *
A ten ta t ive  ass ignm ent  o f  = 7 /2*  was the re fo re  adop ted ,  
and u s in g  i t ,  p a r t i a l  w id ths  f ^ p ,  an<l were c a l c u l a t e d
from th e  measured ( p , a Q) and ( p , a ^ )  t o t a l  c r o s s  s e c t i o n s  
r e d u ced  by 36$ and a t o t a l  width  o f  400 keV. The d im e n s io n le s s  
red u ced  wid ths  f o r  t h i s  s t a t e ,  0 2 = y 2 £  2|j.R2/ ( 3 " £ i 2 ) J  , d id  
n o t  exceed the  Wigner sum r u l e  l i m i t *  The e f f e c t  o f  l e v e l  s h i f t s
(Lane and Thomas, 1958) was n e g l e c t e d .  Table  3 g i v e s  th e
11p r o p e r t i e s  of the  12*65 MeV s t a t e  of  C d e r iv e d  from th e  p r e s e n t  
exper iment*
Table  3
P r o p e r t i e s  o f  th e  12*65 MeV l e v e l ,  from th e  B ^° (p ,a )B e^  r e a c t i o n
J L a b o ra to ry  e n e r g i e s  (MeV) e 2
P
e 2a 0
e 2
a iE
P rP ra0 ra1
i / z + 4.36 0*20 0.15 0 .0 5 0.02 0 .29 0 .08
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4*3*4 Other l e v e l s
The y i e l d  was peaked s t r o n g ly  a t  fo rw ard  a n g le s  a t
Ep = 3*0 MeV (see  f i g .  1 7 ) ,  which co u ld  have been due to  th e
11s t a t e  a t  11.45 MeV e x c i t a t i o n  in  C • The <xq y i e l d  was on ly
weakly r e s o n a n t .  The anomaly a t  a p ro to n  energy  o f  (5*10^0 .05)
MeV d e p ic t e d  by Ophel e t  a l . ,  c o r re sp o n d in g  to  an e x c i t a t i o n
11energy o f  13*33 MeV in  C , was co n f irm e d .  The b road  peak a t
E^ = 6 .3  MeV covered th e  re g io n  where s e v e r a l  re so n a n c e s  had
been o b se rv ed  p r e v io u s ly .  The a n a l y s i s  o f  s e c t i o n  4 .3*3
ir  , —
s u g g e s ts  t h a t  one o f  t h e s e  s t a t e s  cou ld  be t h e  J  = ^  s t a t e  
i n t e r f e r i n g  w ith  t h a t  a t  4*4 MeV.
61
CHAPTER 5
THE F 19(p ,n ) N e 19 REACTION BETWEEN 5 AND 11 MEV 
5*1 I n t r o d u c t i o n
As o u t l i n e d  in  Chapter  1, a n o th e r  r e a c t i o n  w e l l  s u i t e d
to  i n v e s t i g a t i o n  by an a c t i v a t i o n  t e c h n i q u e  was F^9 (p ,n ) N e 19
(ß )F • Having developed th e  a p p a r a t u s  d e s c r i b e d  i n  c h a p te r  3
t o  t h e  p o i n t  where i t  was o p e r a t i n g  ve ry  r e l i a b l y  i t  was dec ided
to  i n v e s t i g a t e  th e  v a lue  of  a s tudy  o f  th e  F^9 (p ,n )Ne^9 r e a c t i o n
in  th e  tandem energy range .
A number of groups had examined th e  h i g h e r  e x c i t a t i o n  
20energy r e g i o n  in  Ne , and Warsh e t  a l .  (1962) were known to  be
co n d u c t in g  a d e t a i l e d  s tudy  o f  t h e  F^9 ( p , a ) 0 ^  r e a c t i o n  a t
F l o r i d a  S t a t e  U n i v e r s i t y .  The p r e s e n t  s t a t e  o f  our knowledge of
20t h e  r e l e v a n t  energy r e g io n  i n  Ne i s  shown i n  t a b l e  4 o f  
s e c t i o n  5 . 4 .  W il la rd  e t  a l .  (1952) ,  u s in g  a s i n g l e  Nal c r y s t a l  
and a long  c o u n t e r ,  had examined the  F 19( p , a Y ) 0 ^  and F l 9 ( p ,n ) N e 19 
r e a c t i o n s  i n  c lo s e  d e t a i l  from 2 to  5*4 MeV p r o t o n  e nergy ,  and 
had d i s c o v e r e d  a number of  r e s o n a n c e s ,  which were v e r i f i e d  by 
s e v e r a l  workers  in c lu d in g  B l a s s e r  e t  a l .  (1951) and Marion e t  a l .  
(1955) who a l s o  s tu d i e d  t h e  F^9 (p ,n )N e^9 r e a c t i o n .  In  view o f
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this agreement and the thoroughness of Willard's studies, in 
which excitation functions were taken in 7 keV steps, no 
attempt to repeat this work was expected to be useful.
The agreement between the positions of levels seen in
20different reactions leading to a Ne compound nucleus also 
strongly suggested that, below about 18 MeV excitation energy, 
compound nucleus effects predominated. However, the reaction 
mechanisms operating at the higher energies which the tandem 
could attain were not known. Some preliminary data had been 
obtained by Broude and Gove (i960) on the yields of the 
F ^(p,ao)0 and F AP,Y)Ne reactions from 4 to 10 MeV proton 
energy, and Warsh had kindly sent details of his F1^(p,a)o”^  
work, including an excitation function from 3 to 12 MeV 
bombarding energy and a number of angular distribution measure­
ments. Their hopes of making a direct reaction analysis of the 
results were largely unfulfilled by the presence of several 
features which strongly indicated that a sizeable proportion of 
compound nucleus formation was taking place. For example, the 
excitation function for the reaction was not a smoothly varying 
one, there were correlations between resonances in the excitation 
curves for the ground, first and second excited state groups, 
and direct interaction fits were found at minima in the cross 
sections. It was concluded by the Florida group that "... a
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direct reaction - compound nucleus interference calculation 
should be made when the state of the reaction theory permits 
it." Broude and Gove had remarked : "The a yield shows a
large number of narrow resonances in contrast to the gamma 
excitation function. This in itself suggests that the broad 
peaks in the gamma yield may be envelopes of unresolved 
resonances. Further, there appear to be some correlations 
between the two modes of decay ••• M "which suggests that some 
further measurements could be made to establish whether this 
correspondence is genuine," Teplov et al, (i960) had earlier 
remarked that in the proton energy region from 5 to 6,5 MeV, 
there were sizeable contributions from both direct and compound 
nucleus interactions.
All of this work had concerned primarily the
F^(p,a)0^ reaction. It was clear that extension of the earlier
F (p,n)Ne yield function up into the 20 MeV excitation energy 
20range in Ne would help to clarify these reaction-mechanism 
discussions by bringing the results of a study of a different 
reaction to bear on the subject.
5,2 Experimental Details
In the reaction F l9(p,n)Ne19(ß+)F19 the positron decay of
19Ne1  ^proceeded 100 percent to the ground state of F , and so no
13NNVH0 H3d SINnOD
Pig. 22 A gamma-ray spectrum taken with one of the crystal 
spectrometers after a bombardment of with 8.3 
MeV protons. The hatched area indicates the energy 
interval selected for the coincidence measurements.
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u n ique  Y-ray e x i s t e d  as i n  th e  B10( p , n ) C 1° ( ß +)B1^ c a s e .
However,  due to  t h e  ca re  taken  to  e l i m i n a t e  a l l  s o u r c e s  of
background p o s i t r o n  a c t i v i t y ,  t h e  c o n t r i b u t i o n  from o t h e r  such
a c t i v i t i e s  p r e s e n t  on o r  n ea r  t h e  t a r g e t  had been shown to  be
n e g l i g i b l e  ( c h a p t e r  2 ) .  Apart  from th e  h a l f - l i f e  measurements
a t  4*8 MeV p ro to n  energy ,  o t h e r s  were s u b se q u e n t ly  t a k e n  a t
E = 10,8  MeV to  v e r i f y  t h a t  t h e  e a r l i e r  c o n c lu s io n  was v a l i d  
P
o v e r  th e  whole o f  t h e  energy ran g e  o f  i n t e r e s t .  As a r e s u l t ,
a measure o f  th e  n e u t r o n  y i e l d  was o b t a i n e d  by r e c o r d i n g
c o i n c i d e n c e s  between t h e  two 0 .511 MeV a n n i h i l a t i o n  q u a n t a ( f i g ,  2 2 ) .
The a p p a r a t u s  used was th e  same as t h a t  d e s c r i b e d  in
c h a p t e r  3» excep t  t h a t  th e  t r i p l e  ( f a s t - s l o w )  c o i n c i d e n c e
te c h n i q u e  was u s e d .  Here a f a s t  ( t im e )  c o in c i d e n c e  was r e q u i r e d
d i r e c t l y  a f t e r  a m p l i f i c a t i o n  of t h e  p u l s e s  from t h e  d e t e c t o r s ,
and a l s o  a t r i p l e  c o in c id en c e  demanded between t h e  p o s i t i v e
o u t p u t  o f  the  f a s t  c o in c id en ce  u n i t  and th e  o u t p u t s  of  t h e  two
s i n g l e  channel  a n a l y s e r s ,  each of  whose window was s e t  over  a
0 .511  MeV Y-ray ph o to p eak .  Th is  t e c h n i q u e  i n c r e a s e d  th e
e x p e r im e n ta l  r e s o l u t i o n  and e l i m i n a t e d  th e  n e c e s s i t y  f o r  a
second c o in c id en c e  u n i t  to  r e c o r d  a c c i d e n t a l  c o i n c i d e n c e s .
The f l u o r i n e  t a r g e t  was o b t a i n e d  by vacuum e v a p o r a t io n  
2
o f  MnP^ onto a 3 mgm/cin go ld  f o i l ,  t h e  t h i c k n e s s  of go ld
19b e in g  chosen to  p r e v e n t  th e  r a d i o a c t i v e  Ne n u c l e i  formed in
O  LJ
aiaiA
Fig* 23 The measurement of the thickness of the MnF2 target* The 
closed circles represent the yield of 12*3 MeV gamma rays 
from the thick aluminium target around the 773 keV Al^ (p>Y)Si 
resonance* The open circles show the apparent energy shift 
of this resonance when the MnF2 coated side of the A1 target 
was presented to the proton beam.
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the reaction from recoiling out of the target and being lost 
from the counting region.
The target thickness was determined as follows. A
piece of thick aluminium foil was placed alongside the gold
backing during the evaporation of the MnF£ target, and the
thickness of MnF^ deposited was determined by observing the
27 28apparent energy shift of the 773 keV A1 (p,y)Si resonance
when the proton beam, obtained from the Canberra 1.2 MeV
Cockcroft-Walton accelerator, passed through the MnF^ layer.
A 12.6 cm. diameter x 10.2 cm. thick sodium iodide crystal was
used to detect the 12.3 MeV gamma radiation proceeding to the
28ground state of Si . As fig. 23 shows, the result, typical of 
several determinations, was a proton energy loss of 8.7 keV at 
Ep(lab) = 780 keV.
During a run over a selected energy range three 
determinations of the neutron yield were made, and averaged, 
every 20 keV. All sections of the curve were repeated once, and 
some energy intervals as many as three times. The statistical 
errors on the final curve were less than one percent.
This method of measuring the total reaction cross section 
assumed that the final nucleus was formed in its ground state, or 
decayed to it if it was formed in an excited state. Any mode of 
decay of the final nucleus other than positron decay prevented
the desired (p,n) event from being detected. This difficulty
(qu> N0U03S SSObO
19/ \ 19Fig«, 24 The total F (p,n)Ne cross section as a function of 
proton energy.
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arose in only one case in the activation work reported in this
1Q 1Q 1Rthesis, namely in the availability of the F (p,n)Ne (a)0
channel above 7.95 MeV laboratory proton energy. Hence, above
this energy the results were incomplete to the extent that they
19did not contain events which produced Ne in a state which 
decayed by this means.
5.3 Results
The results are displayed in figure 24. Maxima in the
excitation function occur at proton bombarding energies of 4.96,
5.03, 5.11, 5.26, 5.37, 5.73, 6.03, 6.15, 6.35, 6.53, 6.81, 7.14,
7.27, 7.41, 7.52, 7.74, 8.02, 8.15, 8.28, 8.37, 8.70, 8.82, 9.08
MeV (all - 0.02 MeV), 9.2, 9.5, 9.8 and 10.2 MeV, corresponding
20to possible levels in the compound nucleus Ne at 17.55, 17.62, 
17.69, 17.84, 17.94, 18.28, 18.57, 18.68, 18.87, 19.04, 19.31, 
19.62, 19.75, 19.88, 19.98, 20.19, 20.46, 20.58, 20.71, 20.79, 
21.11, 21.22, 21.47 MeV (all ± 0.02 MeV), 21.6, 21.9, 22.1 and 
22.5 MeV.
1 Q 1QThe absolute F (p,n)Ne cross section was determined 
as follows. The proton stopping cross section per molecule of 
MnF^ at Ep = 780 keV was found from the relationship 
£ (molecule X Y ) = n.£(atom X) + m.£(atom Y) 
or £  (MnFg) = £(Mn) + 2 £(f )
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where £  is the stopping cross section and £  (Mn) and £(P) 
were inferred from Whaling (l958), Demirlioglu and Whaling and 
Green et al. (1955).
«10 2
It was found that £(MnP2) = 28.0 x 10™ keV-cm /molecule, and 
consequently, using the measured proton energy loss in the 
target, that the content of fluorine was 19.5 - 2.5 Hgm/cm •
The detection efficiency of the positron counting system was
22 + determined using a Na source which was calibrated to - 2.5
percent and which was mounted in the target chamber in an
identical fashion to the target. A correction for the coincidences
22recorded due to the presence of the 1.28 MeV Na Y-raij Compton
'’tail” was made. The formulae developed in Chapter 2 were then
19/ \ 19used to determine the absolute F (p,n;Ne cross section as 
27 - 4 mb. at a proton energy of 5.58 MeV*
The main sources of error were the uncertainties in the 
target thickness, and in the efficiency of the counting system 
due to the possible error in the source strength. Comparisons 
with the two previously reported measurements of this cross 
section (Blasser et al., 1951> and Gibbons and Macklin, 1959) were 
difficult because of the small energy region in common, the thick 
targets used previously and the lack of good error estimates. 
However, agreement between the three to better than a factor of 
two was present at 4.9 MeV proton energy.
68
5*4 Discussion
The results, not unlike the F^(p,a)0^ yield curve in 
appearance, showed a large amount of structure in the excitation 
function, superimposed on a smoothly varying background. This 
presumably direct interaction and interference contribution led 
to considerable reduction in the "peak-to-valley11 ratio, but 
was not thought likely to affect the structure of the excitation 
function markedly.
The structure, almost certainly due to some compound 
nucleus mechanism, was not easily explained at such high 
excitation energies. If the maxima were interpreted as 
individual compound nucleus levels, their density was some 30 
times less than that predicted by level density formulae. For 
example, around 18 MeV excitation the experimental density was 
about one per 100 to 150 keV, whereas the work of Le Couteur et 
al. (l954 and 1959) predicted a density of states of about one 
level every 4 keV. The formula of Cameron (1958), derived from 
earlier work using the Fermi gas model, gave a similar value, 
although Cameron had not tested his formula in this energy 
region. It seemed clear that individual compound states were 
not being seen.
There was therefore a possibility that the peaks seen 
were due to statistical or random fluctuations in the sense
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described by Ericson (i960), His theory applied to the so-called 
continuum energy region in nuclei, where the number of available 
exit channels was so large that the lifetime of the compound 
nucleus was small and the average level width (or uncertainty in
level spacing. Then there was a considerable amount of over­
lapping of the energy levels, and, particularly if there was a
many intermediate states excited contributed coherently though 
randomly to the reaction process. The result was statistical 
fluctuations in the cross section as a function of energy. 
However, the generalization that the levels of many nuclei with 
A 10 and with anomalously small densities at high excitation 
energies were due to these sorts of fluctuations (for example, 
Austin, 1962) seemed far too wide. For the following reasons, 
the variations in the F 1^ (p,n)Ne^ results were not thought to 
be explained by Ericson’s theory s
(a) The energy spread in the beam from the tandem was '"'-'2 keV 
as was the target thickness at this energy. Hence it seemed 
unlikely that the experimental energy spread could have led to 
averaging over a large number of compound nucleus states,
(b) The magnitude of the fluctuations predicted by Ericson was
energy of the compound system) I was very much larger than the
spread in the beam energy of the order of
< T =  C T  Cl -  l/(nN)4 )
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where N = number o f  compound n u c l e u s  s t a t e s  e x c i t e d  and 
n = number o f  f i n a l  s t a t e s  t o  which t h e  compound n u c l e u s  
d e c a y e d .
T h i s  meant  t h a t  t h e  r e a c t i o n  c r o s s  s e c t i o n  f o r  w hich  n was l a r g e
s h o u l d  have  had  s m a l l  f l u c t u a t i o n s .  The low e n e r g y  l e v e l
19s t r u c t u r e  o f  Ne was n o t  w e l l  known, b u t  i f  i t  was assumed t h a t
19i t  had a  l e v e l  d e n s i t y  s i m i l a r  t o  F , t h e n  t h e  v a r i a t i o n s
p r e d i c t e d  by t h e  above  e x p r e s s i o n  were to o  s m a l l  t o  e x p l a i n  t h e  
19/  \ 19F ^p ,n ;N e  s t r u c t u r e ,  p a r t i c u l a r l y  be low  a b o u t  2 0 . 5  MeV 
e x c i t a t i o n .
( c )  A c o m p a r i s o n  o f  t h e  p o s i t i o n s  o f  t h e  maxima i n  t h e  ( p , n )
20e x c i t a t i o n  f u n c t i o n  w i th  t h e  work o f  o t h e r s  on r e s o n a n c e s  i n  Ne
above  16 .6  MeV e x c i t a t i o n  i s  shown i n  T a b le  4 .  The ag ree m en t
be tw een  t h e  f o u r  s e t s  o f  ( p , n )  d a t a  where t h e y  o v e r l a p  was q u i t e
g o o d ,  and t h a t  be tw ee n  t h e  ( p , a Q) r e s u l t s  r e a s o n a b l e .  The two
s e t s  o f  ( p , y )  r e s u l t s  c o v e re d  d i f f e r e n t  e n e rg y  r e g i o n s  e x c e p t  f o r
a g re e m e n t  on t h e  E^ = 5 .20  MeV l e v e l .
I t  was n o t  t o  be e x p e c t e d  t h a t  a l l  r e a c t i o n s  would show 
20ev e ry  r e s o n a n c e  i n  Ne , a s  s e l e c t i o n  r u l e s  a p p l i e d  which  were 
e s p e c i a l l y  s t r o n g  i n  t h e  ( p , a Q) c a s e .  However ,  t h e  ag re e m e n t
e v i d e n t  b e tw e e n  t h e  l e v e l s  s e e n  i n  t h e  d i f f e r e n t  r e a c t i o n s
20l e a d i n g  t o  a  Ne compound n u c l e u s  s t r o n g l y  s u g g e s t e d  an i n t e r ­
p r e t a t i o n  o f  t h e  maxima i n  t h e  r e s u l t s  i n  t e rm s  o t h e r  t h a n  t h o s e  
o f  E r i c s o n ,  s i n c e ,  f rom h i s  model  i n  which a v e r a g i n g  e f f e c t s  were
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inherent, he logically predicted that there was no correlation 
between statistical fluctuations in the cross section functions 
of different reactions leading to and from the same compound 
nucleus.
If there was, in fact, a level spacing of only a few keV, 
then it was possible that the levels were sufficiently close to 
cause overlapping in such a way that they fell into groups. In 
1955 Lane et al. had provided a "giant resonance" model which was 
intermediate between the independent particle model and the 
uniform model. According to their interpretation, the average 
widths of levels of the compound nucleus were larger close to 
states of the independent-particle model than those situated 
further away. As a consequence, the nuclear cross sections had 
a gross structure. But the conventional nuclear potential gave 
values for the widths of the "giant resonances" which were far 
too large.
Izumo (1961) attacked the problem differently. He noted 
that nuclear reactions at intermediate energies had previously 
been intepreted either by a direct interaction theory, in which 
the incident particle gave its energy to only one or two target 
nucleons, or by the statistical model, in which a compound 
nucleus was formed when the incident particle shared its energy 
with all of the target nucleons. Izumo suggested that the real
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situation lay somewhere between these two; that is, that the 
bombarding particle interacted strongly with a few target 
nucleons (via two body forces) and that the remainder of the 
target nucleons acted like an inert core which always remained 
in its ground state and affected the incident particle and 
outer nucleons only through an average potential acting on them. 
In this way only a partial equilibrium was reached in the com­
pound state. Since only a few nucleons were involved the model 
predicted ’’intermediate resonances” in the excitation function, 
about 70 keV wide, which, because of the compound state 
assumption, were correlated with "intermediate resonances” in 
other reactions producing the same intermediate nucleus.
Izumo used his model (l962, 1963) to predict the 
angular distributions, nuclear temperatures, total and partial 
widths and excitation functions for many nuclei at intermediate 
excitation energies. He found moderate agreement with experi­
mental results if he assumed that the number of outer nucleons 
reacting strongly with the bombarding particle was about 6.
This number six was, he suggested, almost independent of mass 
number and excitation energy within the ranges 20 A 180 
and 5 < ^ E x 25 MeV. His nuclear core, then, had little in 
common with the shell model. Finally Izumo claimed that,in a 
large number of reactions in which different compound nuclei 
were formed,the positions of almost all of the "intermediate
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resonances" coincided; and he divided nuclei into three groups
at these energies, with 5, 6 and 7 outer nucleons respectively
taking part in the reactions*
Some objections can be raised to this model, such as
the meaning of the "magic" number six, and the almost complete
absence of any participation of the nuclear core in the reactions
at these energies* One wondered, too, if Izumo's very sweeping
conclusions would be born out when more data was obtained in
these wide mass and energy ranges* The "coincidences" of the
"intermediate resonances" in different nuclei as shown in fig. 6
of his 1963 article seemed suspect. However, data such as our 
19/ \ 19F (p,n)Ne cross section function below 8 MeV proton energy 
required some sort of compound state interpretation. Izumo was 
one of the first to appreciate the need for such a model. With 
an ever increasing amount of high resolution data now becoming 
available in this energy range, it is to be hoped that his work
will inspire others to further studies.
20Above 20 MeV excitation in Ne it appeared that the 
levels were becoming so broad and closely spaced that statistical 
effects were becoming important, for only a suggestion of 
structure was present.
SECTION TWO
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CHAPTER SIX
NEUTRON-ALPHA SCATTERING FROM 16 TO 24 MEV 
6*1 Introduction
4Experimental neutron-He studies have two main objectives. 
Firstly, accurate total cross section, differential cross section and 
relative polarization data can be interpreted in terms of the relevant 
scattering phase shifts. Since the polarizing power of helium can be 
calculated from these phase shifts, helium can then be used confidently 
as a polarizer or polarization analyser.
4Secondly, He is the simplest spin zero nucleus, and it is of
considerable theoretical interest to see how well the experimental
results can be understood in terms of what is known of the nucleon-
nucleon interaction. Reviews on the subject of nucleon-alpha-particle
scattering have been published by Hodgson (1958) and Burke (i960)*
4Most n-He measurements below 10 MeV have been fitted well with 
the phase shifts of Dodder, Gammel (1952) and Seagrave (1953)• However, 
during recent years many experiments in the 20 MeV neutron energy range 
have been carried out which required a knowledge of the analysing 
power of helium (Benenson et al*, 1962; Perkins and Simmons, 1963} 
Bertozzi et al., 1963), even though, above 10 MeV, the phase shifts 
were not well known. For example, Benenson et al. had to calculate the
4n-He analysing power at 23*7 MeV neutron energy from phase shifts 
obtained by extrapolating up the phase shifts given by Seagrave*
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R ece n t  m e a su re m e n t s  o f  t h e  asymmetry  i n  t h e  e l a s t i c  s c a t t e r i n g  o f  
p o l a r i z e d  n e u t r o n s  by h e l iu m  a t  e n e r g i e s  n e a r  20 MeV (May e t  a l . ,  1965;  
T r o s t i n  e t  a l . ,  1 9 6 l )  have f u r t h e r  em p h as ized  t h e  l a c k  o f  know ledge  o f  
t h e  n - a  p h a s e  s h i f t s  i n  t h i s  en e rg y  r a n g e .
P h a s e  s h i f t s  which h a v e  been  used  a t  t h e s e  h i g h e r  e n e r g i e s  a r e  
t h o s e  e x t r a c t e d  by P e r k i n s  ( l 9 6 3 )  from t h e  p -He^  p h a s e  s h i f t s  o f  Gammel
and T h a l e r  ( 1 9 5 8 ) ,  who u s e d  an  o p t i c a l  mode l  p o t e n t i a l  t o  e x t e n d  t h e
4 4p-He p h a s e  s h i f t s  up t o  40 MeV. P e r k i n s  d e r i v e d  h i s  n-He p h a s e  s h i f t s
(GTP) by c a l c u l a t i n g  t h e  l o g a r i t h m i c  d e r i v a t i v e s  o f  t h e  wave f u n c t i o n s
4
a t  a  r a d i u s  o f  2 . 9 f>  and by a s sum ing  t h a t  t h e s e  d e s c r i b e d  t h e  n-He
s y s t e m  a t  a  CM e n e rg y  r e d u c e d  by 0 . 8  MeV, t h e  coulomb e n e rg y  d i f f e r e n c e
5 5b e tw e e n  t h e  m i r r o r  n u c l e i  He and L i  • I n  a d d i t i o n  t o  t h e  GTP p h a s e s ,  
t h e r e  were  t h e  n - a  p h a s e  s h i f t s  p r o p o s e d  by May e t  a l .  (MWB2), who a l s o
found  t h a t  t h e  p—a p h ase  s h i f t s  s u g g e s t e d  by Brockman ( b ) f i t t e d  t h e i r
asymmetry  d a t a  w e l l  a t  1 6 . 4  MeV n e u t r o n  e n e r g y .  The GTP p h a s e  s h i f t s  
a p p e a r e d  t o  f i t  asymmetry m e asu re m en ts  a t  1 6 . 4  MeV and 2 0 .7  MeV, b u t  
n o t  t h o s e  a t  2 3 . 7  MeV (May e t  a l . ,  T r o s t i n  e t  a l . ) .  The MWB2 p h a s e  s h i f t s  
were c o n s i s t e n t  w i th  t h e  t o t a l  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  and
asymmetry m e a su re m e n t s  a t  23*7 MeV n e u t r o n  e n e r g y .
The v a r i a t i o n  w i t h  e n e rg y  o f  t h e  n - a  p h a s e  s h i f t s  m us t ,  o f
c o u r s e ,  be  c o n s i s t e n t  w i th  p a r a m e t e r s  o f  t h e  r e s o n a n c e  l e v e l s  o f  t h e
5
compound n u c l e u s .  A s t a t e  o f  He i n  t h e  ene rg y  r a n g e  o f  p r e s e n t  
i n t e r e s t  i s  t h e  3 / 2 + l e v e l  a t  16 .70  MeV e x c i t a t i o n  e n e r g y .  I n  t h e  
p a s t ,  a  number o f  a t t e m p t s  have b e e n  made t o  f i t  t h e  p rono u n ced  max­
imum i n  t h e  T ( d , n ) H e ^  c r o s s  s e c t i o n  a t  110 keV d e u t e r o n  ene rgy  ( l 6 . 7 0  
MeV e x c i t a t i o n  i n  He ) .  S i n g l e - l e v e l  f o r m u l a e  were  u s e d ,  b u t  f i t s
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were fo u n d  f o r  a  v a r i e t y  o f  c h a n n e l  r a d i i  and p e n e t r a t i o n  f a c t o r s .  I t  
h a s  b e e n  remarked  by B ra n s d e n  ( i 9 6 0 )  t h a t  11 i t  i s  j u s t  p o s s i b l e ,  a l t h o u g h  
u n l i k e l y ,  t h a t  t h e  f i t s  a r i s e  o u t  o f  t h e  f reedom  a l l o w e d  by t h e  
f o r m u l a e ,  r a t h e r  t h a n  f rom t h e  e x i s t e n c e  o f  a  g e n u i n e  l e v e l ” . MAn 
a t t e m p t  by F lo w e r s  t o  e x p l a i n  t h e  r e a c t i o n  p u r e l y  by b a r r i e r  p e n e t r a t i o n  
e f f e c t s  • • • • • •  was u n f o r t u n a t e l y  r e n d e r e d  i n c o n c l u s i v e  by f i t t i n g  t h e
t h e o r y  t o  d a t a  t h a t  i s  i n  c o n f l i c t  w i t h  t h a t  now g e n e r a l l y  a c c e p t e d ” . 
Hence t h e r e  was some u n c e r t a i n t y  a s  t o  t h e  n a t u r e  o f  t h i s  anomaly .
D e t e r m i n a t i o n s  o f  p h a s e  s h i f t s  i n  t h e  20 MeV ene rg y  r an g e  may 
a l s o  have  t o  t a k e  i n t o  a c c o u n t  t h e  i n e l a s t i c  p r o c e s s  H e ^ ( n , d ) T ,  t h e  
t h r e s h o l d  o f  which  o c c u r s  a t  a  n e u t r o n  ene rg y  o f  2 2 .0 7  MeV. The con­
d i t i o n s  t h a t  t h i s  t h r e s h o l d  s h o u ld  c a u s e  an o b s e r v a b l e  anomaly  ( cusp  o r  
ro u n d e d  s t e p )  i n  t h e  c r o s s  s e c t i o n  o f  a n o t h e r  c h a n n e l  were t h a t  t h e r e  
were o n l y  two o u t g o i n g  p a r t i c l e s  ( D e l v e s ,  1958) and  t h a t  t h e r e  was no 
coulomb i n t e r a c t i o n  b e tw ee n  them ( B r e i t ,  1 9 5 7 ) .  The se c o n d  o f  t h e s e  con­
d i t i o n s  was n o t  f u l f i l l e d  i n  t h e  p r e s e n t  ex p e r im e n t*
T h i s  c h a p t e r  d e s c r i b e s  t h e  p e r f o r m a n c e  and i n t e r p r e t a t i o n  o f  an 
e x p e r i m e n t  t o  m easure  a n g u l a r  d i s t r i b u t i o n s  o f  n e u t r o n s  s c a t t e r e d  by 
a l p h a - p a r t i c l e s ,  a t  n e u t r o n  e n e r g i e s  o f  16.4» 2 0 . 0 ,  2 1 . 0 ,  2 1 . 8 5 ,  2 2 .6  
and 2 3 . 7  MeV. T h i s  was done by o b s e r v i n g  t h e  e n e rg y  s p e c t r a  o f  t h e  
r e c o i l i n g  a l p h a - p a r t i c l e s  i n  a  h i g h - p r e s s u r e  g a s  s c i n t i l l a t o r .
The p r i n c i p a l  p u r p o s e  o f  t h e  e x p e r i m e n t  was t o  p r o v i d e  some o f
4
t h e  d a t a  n e c e s s a r y  f o r  d e t e r m i n i n g  n-He p h a s e  s h i f t s  i n  t h e  n e u t r o n  
e n e r g y  r a n g e  from 16 t o  24 MeV. I n  t h i s  c h a p t e r  t h e  d a t a  o b t a i n e d  a r e  
compared  w i th  a n g u l a r  d i s t r i b u t i o n s  computed  from t h e  s e t s  o f  p h ase  
s h i f t s  which have  been  s u g g e s t e d  by t h e  v a r i o u s  a u t h o r s .  However, t h e  
d a t a  may be good enough t o  e x t r a c t  S - ,  P -  and D-wave n - a  p h a s e  s h i f t s
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d i r e c t l y ,  and t h i s  w i l l  be t r i e d  l a t e r «
A d d i t i o n a l  d a t a  were t a k e n  i n  25 keV s t e p s  o v e r  t h e  16 .70  MeV 
r e s o n a n c e  o f  He'* (E^ = 2 2 .1 5  MeV), and  t h r o u g h  t h e  H e ^ ( n , d ) T  t h r e s h o l d «  
I t  was hoped  t h a t  t h e s e  s t u d i e s  would c l a r i f y  t h e  s i t u a t i o n  r e g a r d i n g
5
t h e  He s t a t e  a t  16 .70  MeV e x c i t a t i o n ,
4
Two n o t a b l e  i n v e s t i g a t i o n s  o f  t h e  n-He e l a s t i c  s c a t t e r i n g  p r o ­
c e s s  h a d  been  made p r e v i o u s l y «  Bonner  e t  a l ,  (1959) fo u n d  o n ly  a s l o w l y  
d e c r e a s i n g  c r o s s  s e c t i o n  f o r  t h e  n e u t r o n  e n e rg y  r a n g e  16 t o  21 «9 MeV, 
b u t  o b s e r v e d  a p ro n o u n c e d  r e s o n a n c e  a t  22«15 MeV. A u s t i n  e t  a l ,  (1962)  
m e a su re d  n e u t r o n  a n g u l a r  d i s t r i b u t i o n s  i n  t h e  r a n g e  2 t o  23 MeV n e u t r o n  
e n e r g y .
6 . 2  Method
The n e u t r o n  a n g u l a r  d i s t r i b u t i o n s  were m e a su re d  by o b s e r v i n g  
t h e  en e rg y  s p e c t r u m  o f  t h e  r e c o i l i n g  a l p h a - p a r t i c l e s  i n  a  h i g h - p r e s s u r e  
g a s  s c i n t i l l a t o r .  I t  h a s  been shown by B a r s c h a l l  and  Kanner  (1940)  
t h a t  t h e  ene rgy  d i s t r i b u t i o n  o f  t h e  r e c o i l i n g  a l p h a - p a r t i c l e s  i n  t h e  
l a b o r a t o r y  s y s t e m  i s  p r o p o r t i o n a l  t o  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  
s c a t t e r e d  n e u t r o n s  i n  t h e  c e n t r e - o f - m a s s  s y s t e m ,  p r o v i d e d  t h a t  t h i s  d i s ­
t r i b u t i o n  i s  e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  c o s i n e  o f  t h e  c e n t r e - o f - m a s s  
s c a t t e r i n g  a n g l e .  T h i s  p r o p o r t i o n a l i t y  a l s o  h o l d s  r e l a t i v i s t i c a l l y  
( B a r s c h a l l  and P o w e l l ,  1954) .  T h ro u g h o u t  t h e  d i s c u s s i o n s  t h a t  f o l l o w  
t h e  n e u t r o n  e n e r g i e s  q u o te d  a r e  m e a su re d  i n  t h e  l a b o r a t o r y  s y s t e m ,  and  
t h e  s c a t t e r i n g  a n g l e ,  Ö, i s  e x p r e s s e d  i n  c e n t r e - o f - m a s s  c o o r d i n a t e s ,
6 . 3  D e t e c t o r
Most o f  t h e  e a r l i e r  m e a su re m e n t s  b a s e d  on t h e  above
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Fig, 25 The cell of the high-pressure gas scintillation
counter, showing a cross section on the left, and 
a view looking into the cell on the right.
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p r i n c i p l e  u sed  i o n i z a t i o n  chambers  o r  p r o p o r t i o n a l  c o u n t e r s .
S i n c e  t h e  r a n g e  o f  t h e  r e c o i l i n g  a l p h a - p a r t i c l e s  must  be s m a l l  
compared  t o  t h e  d im e n s i o n s  o f  t h e  c o u n t e r ,  a  h i g h  g a s  p r e s s u r e  
had  t o  be  u s e d  a t  h i g h e r  n e u t r o n  e n e r g i e s .  C o n s e q u e n t ly  t h e  com­
p l e t e  c o l l e c t i o n  o f  i o n s  p ro d u c e d  was d i f f i c u l t ,  and so r e c e n t l y  
a  h i g h - p r e s s u r e  gas  s c i n t i l l a t o r  h a s  b e e n  employed (Shamu, 1962; 
A u s t i n  e t  a l . ,  1962) .
I n  t h e  p r e s e n t  e x p e r i m e n t  a  c o u n t e r  v e r y  s i m i l a r  t o  t h e  
s e c o n d  o f  t h e  two d e s c r i b e d  by Shamu was u s e d .  The g a s  s c i n t i l l a t o r  
was a  m i x t u r e  o f  h e l iu m  and xenon a t  a  t o t a l  p r e s s u r e  o f  a b o u t  140 
a tm.  The h e l i u m  s e r v e d  b o t h  a s  a  t a r g e t  f o r  t h e  i n c i d e n t  n e u t r o n s  
and a s  p a r t  o f  t h e  d e t e c t i o n  s y s t e m .  The xenon  was n e c e s s a r y  t o  
i n c r e a s e  t h e  l i g h t  o u t p u t  and  t o  d e c r e a s e  t h e  r a n g e  o f  c h a r g e d  
p a r t i c l e s  i n  t h e  g a s .  The p e r c e n t a g e  o f  xenon and t h e  t o t a l  g a s  
p r e s s u r e  were chosen  to  y i e l d  t h e  h i g h e s t  s t o p p i n g  power c o n s i s t e n t  
w i t h  a  minimum c o n t r i b u t i o n  f rom xenon d i s i n t e g r a t i o n  p a r t i c l e s .
I n  a l l  c a s e s  t h e  maximum r a n g e  o f  t h e  r e c o i l i n g  a l p h a - p a r t i c l e s  
was l e s s  t h a n  4 mm. As a  r e s u l t ,  t h e  p r e s s u r e s  o f  xenon which  were 
u s e d  r a n g e d  f rom 24*5 atm f o r  d a t a  a t  16 . 4  MeV n e u t r o n  e n e r g y  t o  38 
atm f o r  d a t a  a t  2 3 .7  MeV.
The g a s  s c i n t i l l a t o r  was c o n t a i n e d  i n  a t h i n - w a l l e d ,  
s t a i n l e s s - s t e e l  c e l l ,  w i t h  a t e m p e r e d - g l a s s  window. The g l a s s  was 
backed  w i th  a p e r s p e x  d i s c  i n  o r d e r  t o  a p p l y  a  more u n i f o r m
r e t a i n i n g  p r e s s u r e .  The c o u n t e r  i s  shown i n  f i g u r e  25 > w i t h  a
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c r o s s - s e c t i o n  v iew on t h e  l e f t  and a  v iew l o o k i n g  i n t o  t h e  c o u n t e r  
on t h e  r i g h t .  The s e a l  b e tw e e n  t h e  c e l l  and t h e  window was a 
t e f l o n  r i n g .  An A u s t r a l i a n - m a d e  v i t o n - A  O - r i n g  was o r i g i n a l l y  
u s e d ,  b u t  i t  o u t g a s s e d ,  c o n t a m i n a t e d  t h e  g a s e s  u s e d ,  and t h e r e b y  
s e v e r e l y  i m p a i r e d  t h e  l i g h t  o u t p u t  and r e s o l u t i o n  o f  t h e  d e t e c t o r .  
The s c i n t i l l a t i o n s  were v iewed  t h r o u g h  t h e  g l a s s  window w i th  a 
p h o t o m u l t i p l i e r  t u b e .
A s o u r c e  o f  a l p h a - p a r t i c l e s ,  c o n s i s t i n g  o f  a  d e p o s i t  o f  
p o lo n i u m  on t h e  end o f  a  s i l v e r  w i r e , w h i c h  was f a s t e n e d  t o  a 1 .5  
mm d i a m e t e r  s t e e l  r o d ,  c o u l d  be moved i n  and o u t  o f  t h e  c o u n t e r  
t h r o u g h  t h e  g a s  f i l l i n g  t u b e .  The s t e e l  rod  p a s s e d  o u t  o f  t h e  
t u b e  t h r o u g h  a t e f l o n  g a s k e t  a t  an  elbow i n  t h e  t u b e .
I n  o r d e r  to  r e d u c e  t h e  s p r e a d  i n  t h e  p u l s e  h e i g h t  o f  t h e  
s c i n t i l l a t i o n  p u l s e s ,  t h e  i n s i d e  o f  t h e  s t e e l  c e l l  was c o a t e d  w i t h  a 
h i g h  r e f l e c t a n c e  s u r f a c e  o f  magnesium o x i d e  o v e r  a  t h i n  f i l m  o f  
a lu m in iu m .  I n  a d d i t i o n ,  t h e  MgO and t h e  i n s i d e  o f  t h e  g l a s s  
window were c o a t e d  w i t h  a  w a v e le n g th  s h i f t e r ,  d i p h e n y l  s t i l b e n e ,  
b e c a u s e  mos t  o f  t h e  s c i n t i l l a t i o n  l i g h t  was i n  t h e  u l t r a - v i o l e t  
r e g i o n  o f  t h e  s p e c t r u m .  Good r e s o l u t i o n  was d i f f i c u l t  t o  o b t a i n  
b e c a u s e  a b s o r p t i o n  o f  t h e  l i g h t  on t h e  r e f l e c t i n g  s u r f a c e s  meant  
t h a t  t r a c k s  o f  e q u a l  e n e r g y ,  o c c u r r i n g  i n  d i f f e r e n t  p a r t s  o f  t h e  
g a s  vo lum e ,  d i d  n o t  p r o d u c e  p u l s e s  o f  t h e  same h e i g h t .  F u r t h e r  
i n v e s t i g a t i o n s  on t h e  r o l e s  o f  t h e  d i f f e r e n t  components  o f  t h e  
p r e s e n t  c o u n t e r  showed t h a t  a  c l e a r ,  even  a lum in ium  l a y e r  was a
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s i g n i f i c a n t  f a c t o r ,  b u t  more i m p o r t a n t ,  t h a t  t h e  r e l a t i v e  amounts 
o f  w a v e - l e n g t h  s h i f t e r  on t h e  w a l l s  and window o f  t h e  c e l l  had to  
be a d j u s t e d  a c c u r a t e l y  t o  o b t a i n  u n i f o r m  e f f i c i e n c y  t h r o u g h o u t  t h e  
g a s  vo lum e .  A r e s o l u t i o n  o f  5$ was o b t a i n e d  f o r  15 MeV a l p h a -  
p a r t i c l e s .
Shamu (1962)  fo u n d  t h a t ,  f o r  a  m i x t u r e  o f  42 atm o f  h e l iu m  
and 8 atm o f  xenon ,  t h e  c o u n t e r  gave  a  r e s p o n s e  which  was l i n e a r  
t o  b e t t e r  t h a n  3$ o v e r  t h e  a l p h a - p a r t i c l e  ene rgy  r a n g e  f rom  0 . 4  t o  
14 MeV. T h i s  was n o t  fo u n d  t o  be t h e  c a s e  f o r  t h e  h i g h e r  g a s  
p r e s s u r e s  u s e d  i n  t h i s  e x p e r i m e n t .  A c u r v e  t a k e n  a t  p r e s s u r e s  o f  
34 atm o f  xenon and 103 atm o f  h e l i u m  i s  shown i n  f i g u r e  26 .  These  
p r e s s u r e s  a r e  t y p i c a l  o f  t h o s e  u s e d  i n  t h e  e x p e r i m e n t .  The 
T ( d , n ) H e ^  and T ( p , n ) H e p r e a c t i o n s  were  u s e d  a s  n e u t r o n  s o u r c e s .
The d e t e r m i n a t i o n  o f  t h e  maximum r e c o i l  ene rg y  i s  d i s c u s s e d  l a t e r .
The c o u n t e r  was n o n - l i n e a r  f o r  a l p h a - p a r t i c l e s  o f  e n e r g y  l e s s  t h a n  
a b o u t  2 . 5  MeV, and l i n e a r  f rom 2 .5  t o  16 MeV, w i t h  an i n t e r c e p t  o f  
a b o u t  Ea = 0 . 6  MeV on t h e  ene rgy  a x i s .  When t h e  h e l i u m  p r e s s u r e  
was r e d u c e d  t o  7 a tm ,  w h i l e  r e t a i n i n g  an xenon p r e s s u r e  o f  34 atm,  
t h e  c u r v e  was more n e a r l y  l i n e a r ,  and t h e  s t r a i g h t  l i n e  drawn 
t h r o u g h  t h e  h i g h e r  e n e r g y  p o i n t s  i n t e r s e c t e d  t h e  e n e r g y  a x i s  a t  
0 . 2 5  MeV a l p h a - p a r t i c l e  e n e r g y .  F u r t h e r ,  when t h e  c o n d i t i o n s  
u s e d  by Shamu were d u p l i c a t e d ,  t h e  r e s p o n s e  c u rv e  f o r  a l p h a - p a r t i c l e s  
was a g a i n  found  t o  be l i n e a r .  I n  1956 N ob le s  had o b t a i n e d  a  
p o s i t i v e  i n t e r c e p t  o f  0 . 5  MeV f o r  an  x e n o n - f i l l e d  s c i n t i l l a t i o n
8 1 *
c o u n t e r *
These  e f f e c t s  were i n v e s t i g a t e d  f u r t h e r  by o b s e r v i n g  
t h e  v a r i a t i o n  i n  p u l s e  h e i g h t  o f  g r o u p s  o f  e l e c t r o n s ,  a l p h a -  
p a r t i c l e s  and p r o t o n s  a s  a  f u n c t i o n  o f  h e l i u m  p r e s s u r e ,  f o r  a  
c o n s t a n t  xenon  p r e s s u r e  o f  34 atm and a  n e u t r o n  e n e rg y  o f  2 2 .6  
MeV. The r e s u l t s  o b t a i n e d  i n d i c a t e d  t h a t ,  f o r  t h e  a l p h a - p a r t i c l e s ,  
" q u e n c h in g "  o f  t h e  l i g h t  t o o k  p l a c e  even when o n l y  a s m a l l  amount 
o f  h e l iu m  ( e . g .  6 atm) was a d d e d .  The q u e n c h i n g  e f f e c t  was 
o b s e r v e d  t o  i n c r e a s e  w i th  a d d i t i o n  o f  h e l i u m  up to  a t o t a l  
p r e s s u r e  o f  a b o u t  145 atm,  t h e  h i g h e s t  u s e d .
6 . 4  O th e r  A p p a r a t u s
M o n o e n e rg e t i c  n e u t r o n s  were p r o d u c e d  by bombard ing  t r i t i u m ,  
i n  a g a s  t a r g e t ,  w i th  d e u t e r o n s .  The method was s i m i l a r  t o  t h a t  
d e v e l o p e d  by Jo h n so n  and B a n t a  ( 1 9 5 6 ) ,  i n  w h ich  a  u ran ium  t r i t i d e  
f u r n a c e  was u s e d  a s  t h e  t r i t i u m  s t o r e .  The d e u t e r o n s  were p r o v i d e d  
by t h e  A.N.U. tandem,  and ,  a f t e r  p a s s i n g  t h r o u g h  a  3 mm d i a m e t e r  
c o l l i m a t o r ,  e n t e r e d  t h e  t r i t i u m  t a r g e t  t h r o u g h  a  1 ,2  |i t h i c k  n i c k e l  
f o i l .  The n e u t r o n  f l u x  was m o n i t o r e d  by i n t e g r a t i n g  t h e  d e u t e r o n  
beam c u r r e n t .
The en e rg y  s p r e a d  i n  t h e  n e u t r o n  beam p r o d u c e d  was due to  
s t r a g g l i n g  o f  t h e  i n c i d e n t  d e u t e r o n s  i n  t h e  n i c k e l  f o i l  and t h e
t r i t i u m  g a s ,  and t h e  v a r i a t i o n  o f  t h e  n e u t r o n  en e rg y  o v e r  t h e  a n g l e
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subtended by the counter at the source. The tritium gas pressure
was adjusted so that the total energy spread of the neutrons was
about 70 keV for the measurements around the 16.7 MeV level of
5He , and a little greater elsewhere.
A continuum of neutrons from the breakup of incident 
deuterons was present in addition to the monoenergetic neutrons.
Since it was difficult to take into account the effect of these 
breakup neutrons, the low energy part of the pulse-height distrib­
ution which could be affected by them was omitted. Other factors 
which determined the minimum angle at which data were reliable were 
the non-linearity of the counter, the maximum electron pulse height 
and the magnitude of the counter backgrounds.
The scintillation counter was placed at 0° with respect to 
the deuteron beam for all measurements except those at 16.4 MeV 
neutron energy, when it was at 73°• The axis of the cylindrical 
counting volume pointed at the tritium target. The distance from 
the centre of the 5 cm long tritium cell to the centre of the 
counter was 22.8 cm, except for the 16.4 MeV measurements, for 
which it was 30.5 cm.
The gas scintillations were recorded with an EMI 5 cm. 
diameter photomultiplier. The voltage pulses from the photomultiplier 
were amplified by a Tennelec preamplifier and a Franklin double­
delay-line amplifier, and stored in an RIDL pulse-height analyser.
The linearity of the amplifier and analyser system was checked
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periodically with the aid of a Franklin precision pulse generator. 
The system was found to be consistently linear to less than one 
percent for the range of pulse heights of interest. The gain 
stability of the electronics was checked frequently with the aid of 
the polonium alpha source.
6.5 Experimental Procedure
The procedure generally used for taking data was as 
follows :
First, the scintillation counter, filled with the helium- 
xenon mixture, was bombarded with neutrons for a measured integrated 
beam current. The beam currents used were chosen so as not to 
endanger the nickel foil of the tritium target, and, for the same 
reason, the beam was focussed so that about 10$ of it fell onto 
the collimator.
Secondly, the effect of background neutrons, produced in 
the nickel foil and the tantalum backing of the target, was 
subtracted by taking a run at the same neutron energy with the 
tritium target evacuated. This background was only present at 
small pulse heights.
Thirdly, after the above data had been taken at several 
energies, the counter background was measured at these energies by
bombarding the counter with neutrons when it was filled only with
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xenon (at the same pressure as before). This counter background 
was caused primarily by disintegrations of xenon nuclei, but also 
by recoil and disintegration particles from the counter wall.
The output of light produced by the disintegration and 
recoil particles was different in pure xenon than for the helium- 
xenon mixture for the same neutron energy. Also, the variation in 
light output as a function of gas composition was not the same for 
different kinds of particles. Hence,accurate normalization of the 
counter-background data to that for the gas mixture was difficult. 
However, for the helium-xenon filling, an appreciable number of 
pulses caused by counter background were observed just above the 
alpha-particle recoil spectrum. Therefore the amplifier gain was 
adjusted so that these particles had the same pulse height for both 
the xenon and helium-xenon fillings. The magnitude of the gain 
change required was supported by the investigations of the way in 
which the pulse height of these particles varied as a function of 
helium pressure. A procedure used previously (Austin et al., (1962)), 
of adjusting the gain until the pulse height of the Po alpha- 
particles for the two counter fillings was the same, was found to 
be grossly in error at the pressures used here, due to saturation 
or "quenching" effects.
Because of the fact that the light output as a function of 
gas composition was not the same for different kinds of particles,
this gain adjustment would have been in error for some portion of
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the background unless it was all caused by one kind of particle. 
Therefore two auxiliary experiments were carried out to study 
the nature of this background. In one experiment the contribution 
of the counter walls was reduced by covering the inside of the 
steel cell with 0.2 mm of lead, and by decreasing by more than a 
factor of two the amount of reflecting material and wavelength 
shifter inside the cell. No significant decrease in the number of 
background pulses was observed, which implied that most of these 
pulses corresponded to xenon disintegrations. In the other 
experiment the size of the background was measured as a function 
of xenon pressure. This experiment also indicated that the 
background was caused mostly by xenon disintegrations. Of the 
several kinds of charged disintegration particles which could be 
emitted with energies in the range of interest, protons had the 
highest probability of penetrating the coulomb barrier of the xenon 
nucleus. Consequently it is believed that most of the observed 
disintegration pulses corresponded to protons.
For the experimental procedure outlined above, an error in 
the counter background was introduced if the xenon or tritium 
pressures were not the same for steps one and three (that is, for 
counter fillings of the mixture and pure xenon, respectively). 
Therefore, at several energies, data were also taken in the sequence 
three-one-two, a procedure which eliminated these possible sources 
of error. Very good agreement was found between the two sets of
data
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In addition to the neutron and counter backgrounds, another 
correction which had to be applied to the data was that for the 
wall effect. Some of the recoiling alpha-particles hit the window, 
end wall and cylindrical wall of the counter* For each recoil 
energy, the number of recoils hitting the walls was calculated 
from the geometry of the counter (end wall assumed plane), and 
added to the measured number at that energy* These recoils pro­
duced smaller pulses than they would have without wall effect, 
and the resulting events had to be subtracted from the number of 
pulses observed at lower energies. This subtraction was done under 
the assumption that all residual ranges of the recoils hitting the 
walls were equally probable*
Several other corrections to the data had to be considered* 
However, since they proved to have a negligible effect on the data, 
and because they are described in detail elsewhere (Austin et al., 
1962), they are discussed only briefly here. The background caused 
by room-scattered neutrons was estimated by placing a shaddow cone 
between the neutron source and the detector; and the effect of 
neutrons scattered by the steel body of the scintillation counter 
was assessed by slipping over the counter a slightly enlarged copy 
of the steel cell. These effects were negligible, as were those 
due to the finite resolution of the counting system and to multiple 
neutron scattering in the gas scintillator. An estimate of the 
number of neutrons scattered backward into the counter by the
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window indicated that this background was unimportant.
Figure 27 shows the background corrections and the 
corrected pulse-height distribution for 22.6 MeV neutrons. The 
broken curve and the solid curve represent the neutron background 
and the counter background, respectively. For the smallest recoil 
energies, where it is seen to be largest, the former background 
varied from 3$ for 16.4 MeV neutrons to 5$ for 24 MeV neutrons.
The counter background is seen to be relatively largest near the 
minimum in the corrected distribution, that is, near channel 70 in 
the figure. Near this minimum the counter or MxenonM background 
ranged from 20$ of the total number of counts at 16.4 MeV to 56$ 
at 24 MeV. The correction for the wall effect, which is not shown 
in the figure, was less than 5$ of the corrected counts for all of 
the data of this experiment.
The pulse-height distribution obtained after all corrections 
were applied is shown by the closed circles. Of the several factors 
mentioned earlier which had bearing on the determination of the 
minimum channel at which the corrected data was reliable, the 
magnitude of the backgrounds at low pulse heights imposed the most 
severe restriction. The peak in this distribution at channel 43 
was caused by disintegration particles from the He^(n,d)T reaction, 
since both the deuteron and triton were detected by the gas 
scintillator. The threshold for this reaction is 22.07 MeV neutron 
energy. The tan above channel 108 is a result of the resolution
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of the counter. To decide which channel corresponded to the 
maximum helium-recoil pulse height which would have been observed 
if the counter had not had finite resolution, the pulse-height 
distribution was extrapolated smoothly beyond the point where it 
began to drop off, A vertical line was then drawn at such a 
position that the number of pulses larger than this pulse height 
was equal to that below this pulse height and between the extra­
polated and observed distributions. The channel corresponding to 
this line was taken as equivalent to a neutron CM scattering angle 
of 180°.
6.6 Analysis of the Data
The pulse height distributions of the recoil alpha-particles 
which were obtained corresponded only to relative angular distrib­
utions. A cross section scale was determined by fitting each 
distribution with a series expansion of Legendre polynomials, as 
described in chapter 4 of this thesis. It was found that an 
expansion containing polynomials of orders zero to four was
sufficient to fit all the angular distributions satisfactorily,
5including those over the 16.70 MeV resonance of He • A differ­
ential elastic scattering cross section scale was then found by 
normalizing the value of the zero-order coefficient to the total 
elastic scattering cross section, which was extracted from
the n-He^ total cross section measurements of Shamu et al.
89
(1963)0 The contribution to n-He^ total cross section of the 
He^(n,d)T reaction was found from the inverse reaction 
T(d,n)He^, whose cross section is well known. In this way a cross 
section scale was established for the measured angular distributions* 
The method was subject to some uncertainty since the data extended 
over only a limited angular range, and did not cover the small- 
angle region where the differential cross section was largest.
In the next section the angular distribution results are 
compared with angular distributions computed from sets of phase 
shifts which have been published by various authors. These 
calculations were carried out on an IBM 1620 computer, using the 
following formula
£T(e) = A* A + B* B
where
A(e)
B(e)
= l/2ik J L l=0£ L j (J+i) jexp(2i£LJ) -
= l/2ik <Lj 2i( J-L) |exp(2i<5LJ
ll P^(oos0)
) - 1 PL(cosO)
and in which J = L - |
6. are the phase shifts
and PL(cose) are the Legendre polynomials*
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6 .7  R e s u l t s
The a n g u la r  d i s t r i b u t i o n s  which were o b ta in e d  below and 
above t h e  = 22.15 MeV re sonance  a r e  shown i n  f i g u r e s  28 and 
29. The d i f f e r e n t i a l  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  p l o t t e d  
as  a f u n c t i o n  o f  t h e  c o s in e  o f  t h e  CM s c a t t e r i n g  a n g l e ,  9 .  The 
s t a t i s t i c a l  u n c e r t a i n t i e s  were g r e a t e s t  f o r  th e  16 .4  MeV d a t a ,  
where th e y  ranged  from 1$afc t h e  s m a l l e s t  ang le  to  3 .5 $  a t  th e  
minimum of  t h e  d i s t r i b u t i o n .  For  t h e  measurements  a t  22.6 and
23 .7  MeV, no a n g u l a r  d i s t r i b u t i o n  d a t a  were o b t a i n e d  n e a r  cos9 = +0.2  
b e ca u se  o f  th e  p r e s e n c e  o f  d i s i n t e g r a t i o n  p a r t i c l e s  from th e  
H e^(n ,d )T  r e a c t i o n .  The n e u t ro n  energy  sp read  was l e s s  th an  170
keV f o r  each o f  t h e s e  measurements ,  e x cep t  a t  16 .4  MeV, where t h e  
s p r e a d  was about  700 keV.
S y s te m a t i c  e r r o r s  may be p r e s e n t  i n  t h e  a n g u l a r  d i s t r i b u t i o n s  
b e cau se  o f  e x p e r i m e n t a l  u n c e r t a i n t i e s  i n  th e  background c o r r e c t i o n s .  
F o r  each of  t h e s e  d i s t r i b u t i o n s  an i n d i c a t i o n  o f  t h e  magni tude o f  
t h i s  e r r o r  a t  a sm a l l  a n g le  and a t  t h e  minimum in  t h e  d i s t r i b u t i o n  
i s  g iv en  by an e r r o r  b a r .  At th e  l a r g e s t  an g le  t h i s  e r r o r  was a b o u t  
e q u a l  t o ,  o r  l e s s  t h a n ,  t h e  s i z e  o f  t h e  d a t a  p o i n t  (e x c ep t  a t  
23*7 MeV). The s i z e  o f  each o f  t h e s e  e r r o r  b a r s  c o r r e sp o n d s  t o  an 
e s t i m a t e d  u n c e r t a i n t y  o f  -  10$ i n  t h e  background c o r r e c t i o n s .
There  were two p o s s i b l e  s o u rc e s  o f  e r r o r  i n  th e  abscissa  s c a l e .  
F i r s t l y ,  t h e  e s t i m a t i o n  of  the  c h an n e l  f o r  which cos  9 = - 1 . 0  was
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subject to a maximum uncertainty of one channel, or about 1 
Secondly, the extrapolation of the linear portion of the linearity 
curve (figure 26) back to zero pulse height to determine "zero” 
channel, or cos 9 = +1*0, may also have been in error, but by less
than 1$.
In figures 28 and 29 the solid curves are differential 
elastic scattering cross sections computed from the G-TP phase 
shifts, and the broken curves at 16*4 and 23«7 MeV are cross 
sections computed from the Brockman (b ) and May, Walter and 
Barschall (MWB 2) phase shifts, respectively.
Relative angular distributions which were measured just 
below, on, and just above the 22.15 MeV resonance are shown in 
figure 30. These distributions have been corrected for backgrounds 
and wall effect. The neutron energy spread for the data in 
figures 30 and 31 was about 70 keV.
In figure 31 a part of the angular distribution data taken 
over the resonance is presented as excitation functions. Each of 
these data points is the sum of two channels of a pulse-height 
distribution. The smooth curves through these data points are 
fits by eye to the data.
The observed yield from the He^(n,d)T reaction is shown at 
the top of figure 31 by the closed circles. The broken curve 
represents the He^(n,d)T cross section computed from the cross 
section for the inverse reaction by using the principle of
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r e a c t i o n ;  and,  below, p a r t  o f  th e  a n g u la r  d i s ­
t r i b u t i o n  d a t a  t a k en  over  th e  re sonance  p r e s e n t e d  
as e x c i t a t i o n  f u n c t io n s «
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reciprocity. This curve corresponds to a smooth curve drawn 
through a plot of published measurements for the inverse reaction. 
For the open circle, crosses and closed triangle, the individual 
published cross sections were used for the computation. The solid 
curve was obtained by adjusting the broken curve for the neutron 
energy spread. For this adjustment, the energy spread was approx­
imated by a rectangular function with a width of 70 keV. The 
relative cross section data of the present experiment was assigned 
a cross section scale by normalizing the data to the solid curve 
near its peak. The present data were corrected for backgrounds, 
wall effect, and a variation in neutron flux with energy of about 
2$. This variation was caused by the change in the cross section 
of the neutron producing reaction, and by the loss of tritium 
through the nickel foil. The data clearly supports the higher 
values for the inverse cross section in the region of = 22.35 
MeV.
The angular distributions were fitted with Legendre 
polynomial expansions. The ratio of each of the coefficients to 
the zero-order coefficient is shown in figure 32 and listed in 
Table 5* The coefficients represented by the solid symbols in 
figure 32 were obtained from the data displayed in figures 28, 29 
and 31* Coefficients for two sets of data are shown at 21.0 and 
21.85 MeV. The open symbols at these energies correspond to data 
taken with the same xenon pressure in the counter as at 23«7 MeV.
ADD 0.4
Z  0.6
£ 0.2
19 20 21
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Fig. 32 The energy dependence of the ratios of the coefficients 
obtained from a Legendre-polynoraial-expansion fit to 
the neutron angular distributions.
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TABLE 5
RATIOS OF COEFFICIENTS OBTAINED FROM LEGENDRE-POLYNOMIAL-EXPANSION 
FITS TO THE ELASTIC SCATTERING ANGULAR DISTRIBUTIONS
EN
(MeV)
®TOT
(mb)
G~d+T
(mb)
A0
(mb/sr)
A1/A 
' 0 A2/A ' 0 V aq o
c
1 6o4 908 0 7 2 .2 1 . 53- 0 . 0 5 1 . 27- 0 . 0 5 0 . 10- 0 . 0 3 - 0 . 03 - 0 . 0 2
2 0 . 0 755 0 60,1 1 . 64- 0 . 0 8 1 . 46- 0 . 0 9 0 . 31 - 0 . 0 5 0 . 08 - 0 . 0 3
2 0 .0 755 0 60.1 1 . 58±0 . 0 7 1 . 38^0 . 0 8 0 . 21^0 . 0 4 0 . 04- 0 . 0 2
2 1 . 0 729 0 5 8 . 0 1. 63- 0 . 0 5 1 . 41- 0 . 0 5 0 . 26^0 . 0 3 0 . 05 - 0 . 0 2
2 1 .8 5 719 0 5 7 .2 1 . 66lo . 0 4 1 • 44- 0 . 0 4 0 . 30- 0 . 0 3 0 . 06 - 0 .01
2 1 .8 5 719 0 5 7 . 2 1 . 60±0 .11 1 . 36io .11 0 . 20^0 . 0 6 0 . 03 - 0 . 0 3
2 1 .9 7 720 0 5 7 . 3 1. 64- 0 . 1 0 1 . 40- 0 . 1 0 0 . 28^0 . 0 6 0 . 04- 0 . 0 3
2 1 .9 9 722 0 5 7 . 5 1 . 62- 0 . 1 4 1 . 36^0 . 1 5 0 . 23- 0 . 0 9 0 . 01- 0 . 0 4
2 2 .0 2 728 0 5 7 .9 1 . 66^0 . 13 1 . 40- 0 . 1 4 0 . 30- 0 . 0 9 0 . 02 - 0 . 0 4
2 2 .0 5 741 0 5 8 .9 1 . 70- 0 . 0 8 1 . 47- 0 . 0 9 0 . 39- 0 . 0 5 0 . 06^0 . 0 2
2 2 .0 7 770 0 6 1 . 3 1 . 67- 0 . 0 8 1 . 43- 0 . 0 8 0 . 38^0 . 0 5 0 . 03 - 0 . 0 2
2 2 .1 0 810 3 6 4 . 2 1 .7  6^0 . 1 8 1 . 63^0 . 1 9 0 . 69- 0 . 1 2 0 . 13- 0 . 0 6
2 2 .1 2 8 6 3 35 6 5 . 9 1 . 80- 0 . 1 0 1 . 74- 0.11 0 . 90- 0 . 0 7 0 . 14- 0 . 0 3
2 2 . 1 5 905 81 6 5 . 6 1 . 89- 0 . 0 7 1 . 90- 0 . 0 7 1 . 11- 0 . 0 5 0 . 21- 0 . 0 2
2 2 . 1 8 863 91 6 1 . 4 1*88 - 0 .1 1 1 . 89- 0 . 1 2 1 . 07 - 0 . 0 8 0 . 19- 0 . 0 4
2 2 .2 0 804 86 57.1 1 . 87 - 0 . 0 7 1 . 86^0 . 0 7 1 . 02 - 0 . 0 5 0 . 19- 0 . 0 2
2 2 .2 3 783 77 5 6 . 2 1 . 80 - 0 . 0 6 1 . 76^0 . 0 6 0 . 89 - 0 . 0 4 0 . 15- 0 . 0 2
2 2 . 2 5 769 69 5 5 . 7 1 . 83 - 0 . 1 3 1 . 79- 0 . 1 4 0 . 89 - 0 . 0 9 0 . 18- 0 . 0 4
(continued next page)
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TABLE 5 (cont*d)
RATIOS OF COEFFICIENTS OBTAINED FROM LEGENDRE-POLYNOMIAL-EXPANSION 
FITS TO THE ELASTIC SCATTERING ANGULAR DISTRIBUTIONS
en
(MeV) (mb)
®d+T
(mb)
A0
(jnb/sr)
a i/a A2/A ' 0 V A q A4/Ao
22.32 748 54 55.2 1.73-0.10 1.63^0.11 0.67-0.07 0.09-0.03
22.37 736 49 54.7 1.76-0.06 1.66±°.07 0.69-0.04 0.13-0.02
22.42 728 46 54.3 1.75-0.11 1.65-0.12 0.66^0.07 0.14-0.03
22.6 711 40 53.4 1.68±0.06 1.53-0.07 0.52-0.04 0.07-0.02
23.7 665 35 50.1 1.63-0.13 1.42-0.14 0.37-0.08 -0.01^0.04
The means square errors which are given for each of the ratios are 
related to the mean square errors defined by Rose (Lawrence). The 
method used to obtain the values of Aq given in the table has been 
discussed in the previous section of the chapter. The angular 
distribution coefficients are given in detail because Pisent (196 3 ) 
and Pisent and Saruis (1963) have recently developed a method for 
extracting phase shifts from such coefficients. Also, the smooth 
variation of the coefficients with energy was a useful preliminary 
indication of the reliability of the data.
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6.8 Discussion
As can be seen from figures 28 and 29 discussed above, the 
agreement between the data and angular distributions calculated 
from the GTP phase shifts at neutron energies from 16 to 21 MeV 
was very good. It supported the validity of the GTP phase shifts 
in this energy range. Austin et al. (1962) had earlier suggested 
that this might not be so.
Figures 30 and 31 show how markedly the elastic scattering 
cross section changed near = 22.15 MeV. As outlined in the 
introduction to this chapter, several authors had suggested that 
the maximum in the T(d,n)He^ cross section, generally interpreted 
as a 3/2 level in He at 16.70 MeV excitation, might have been 
associated only with the proximity of its own neutron threshold. 
However, in the present experiment the elastic scattering channel 
was investigated; a channel other than the one in which the 
threshold occurred. As mentioned in the introduction, it has been 
pointed out (Wigner, 1948) that a threshold in one channel can cause 
an observable anomaly in another channel under certain conditions. 
However, the He^(n,d)T threshold cannot have caused the anomaly in 
the elastic scattering channel in the present experiment because 
of the coulomb interaction between the two outgoing particles. 
Furthermore, the changes in the differential cross section away 
from a parabolic shape, even below the He^(n,d)T threshold,
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suggested that neutrons with C -values greater than one were
participating in the elastic scattering process (Wheeler and
Barschall, 1940). The presence of D-wave neutrons would agree
with the J ,L = 3/2 assignment made to the He5 excited state; and,
indeed, preliminary calculations have shown that a good fit to the
angular distribution data taken at 22.15 MeV neutron energy can
be obtained with a phase shift of 90° and a transmission
coefficient less than one. These facts were further evidence for
an interpretation of the anomaly in terms of a level in the com-
5pound nucleus, He , at an excitation energy of 16.70 MeV.
At neutron energies above 22 MeV the agreement between the 
data and the angular distributions predicted by the GTP phase shifts 
was not as good. This was not altogether surprising, since Gammel 
and Thaler took no account in their calculations either of the 
opening up of the inelastic channel or of the presence of the 
resonance. They derived only real phase shifts. At 22.6 MeV 
either or both of these factors may have influenced the angular 
distribution. However, at 23.7 MeV, the 3/2+ level, which is 
about 105 keV wide, would only have contributed a few degrees to 
the phase shift. The fact that the data differed from the
GTP predictions in essentially the same way at both 22.6 and 23*7 
MeV suggested that it is not reasonable to ignore the inelastic 
channel when determining phase shifts in this energy range*
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APPENDIX A
The purpose  o f  t h i s  append ix  i s  to  c a l c u l a t e  t h e  
d i f f e r e n c e  between th e  a c t i v i t i e s  induced  i n  a t a r g e t  by a 
c o n s t a n t  beam c u r r e n t  and by one w i th  a p e r i o d i c  v a r i a t i o n  of  
t h e  type  seen  d u r in g  th e  a c t i v a t i o n  exper im en ts*
Le t  N ( t )  = number o f  r a d i o a c t i v e  n u c l e i  p r e s e n t  
a t  t im e  t
k = r a t e  o f  p r o d u c t i o n  o f  such  n u c l e i  f o r  
a c o n s t a n t  bombarding c u r r e n t  
decay c o n s t a n t  ( p r o b a b i l i t y  t h a t  any 
p a r t i c u l a r  n u c leu s  w i l l  d i s i n t e g r a t e  
i n  u n i t  t ime)*  
r a t e  o f  decay
k — N ( t )* • • • •  • • • •  • • • •  (1)
A
Then N ( t )*  A
and d N ( t ) / d t
f o r  a c o n s t a n t  beam c u r r e n t *  
Using an i n t e g r a t i n g  f a c t o r  e 
y i e l d s
N ( t ) e
o r  N ( t )
X t , i n t e g r a t i o n  of t h i s  e q u a t i o n
X t ( k / X  ) ( e A t  -  1) 
( k / X  )(1  -  e" A t ) «••« ••*• (2 )
At t ime t  = OO , k / j \  = N ( 0 O  ) ,
g i v i n g  N( t )  = N ( o o  ) ( i -  e~ th e  well -known form*
In  th e  case  o f  C X = 0.036 sec  ^
t  = 60 s e c ,
N(60) = 25 k .
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In practice there were two approximately sinusoidal variations 
in the beam current about is mean» The first was a very small 
fluctuation with a frequency of 2 cycles/sec,, which was 
caused by the periodic motion of the Van de Graaff accelerator 
charging belt. The second was a larger fluctuation, of - 3$ 
maximum amplitude and 0.2 cycle/sec. frequency, which was 
apparent in the pen records taken of the beam current.
For such variations, a sin to t, equation (l) becomes 
dN(t)/dt = k(l + a sin CO t) - N(t).A 
This equation can be integrated using the integrating factor 
e giving
N(t) = (k/A )(1 - e~ /^ t) + (ka/ \  2 + CJ2)
X  ( A sin 60 t - 61 cos COt + 60 /e .... (3)
Equations (2) and (3) differ by the factor
(ka/ \  2 + CO 2) ( A sin CJ t - CO cos 60 t + O l / e ^ ^ )  ... (4)
10For the larger fluctuation, and using the C half-life,
A = 0.036 sec  ^
t = 60 sec
a = - 0.03 
and U) = 2 TCf 1.3 radians/sec,
and so the difference (4) has a maximum absolute value of 
-(ka/co )(1 - e~ ^  t)
= 0.02k.
This is only 0.1 percent of the activity induced by a constant
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beam c u r r e n t .  Hence,  a maximum e r r o r  o f  0 .1  p e r c e n t  w i l l
r e s u l t  i n  th e  c r o s s  s e c t i o n  c a l c u l a t i o n s  i f  i t  i s  assumed t h a t
a c o n s t a n t  beam c u r r e n t  gave th e  measured i n t e g r a t e d  c h a r g e .
19/ \ 19A v e ry  s i m i l a r  r e s u l t  p e r t a i n s  to  t h e  3? ^p,n;Ne
measurements  r e p o r t e d  in  c h a p t e r  5 ,  i n  which t h e  decay o f  Ne 
was fo l lo w e d .
19
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APPENDIX B
The s u b j e c t  of  t h i s  appendix  i s  t h e  d e t e r m i n a t i o n  o f  th e
Y-ray p h o topeak ,  t o t a l  d e t e c t i o n  e f f i c i e n c i e s  o f  th e  two c r y s t a l
s p e c t r o m e t e r s  f o r  th e  0,511 and 0.717 MeV Y - r a y s .  These have been
denoted £  and E ^  r e s p e c t i v e l y .  They a r e  r e l a t e d  to  t h e  t o t a l
T Td e t e c t i o n  e f f i c i e n c i e s  £  and £  ^ by t h e  r e l a t i o n s h i p  
o  ry TG i  = r i  C i> i  = 1 ,2 ,  where r ^  = p e a k - t o - t o t a l  d e t e c t i o n  
e f f i c i e n c y  r a t i o s .  Graphs o f  r  v e r s u s  Y-ray  energy  f o r  Nal 
c r y s t a l s  have  been g iv en  by Marion ( i 9 6 0 ) .
B.1 The measurement of  £  ^ (O*511 MeV Y-ray)
_  QJ
A c a l c u l a t i o n  o f  c   ^ cou ld  n o t  be made b ecause  a l a r g e
number o f  t h e  p o s i t r o n s  produced were e n e r g e t i c  enough to  escape  
10from th e  B t a r g e t  and move a s u b s t a n t i a l  d i s t a n c e  b e f o r e
22 +a n n i h i l a t i n g .  A Na s o u r c e ,  c a l i b r a t e d  to  -  2 .5  p e r c e n t  i n  a
4 7C ß-Y c o in c i d e n c e  c o u n t e r ,  was t h e r e f o r e  used to  de te rm ine  
T£  e x p e r i m e n t a l l y .  The source  was mounted i n  t h e  t a r g e t  chamber
10i n  an i d e n t i c a l  f a s h i o n  to  th e  B t a r g e t s .  The number of  coun ts
a p p e a r in g  i n  th e  0.511 MeV s i n g l e  ch an n e l  a n a l y s e r  window was
c o r r e c t e d  f o r  t h e  c o n t r i b u t i o n  of th e  C o m p to n - s c a t t e r in g  " t a i l "
22of  t h e  1.28 MeV Y-ray  a s s o c i a t e d  w i th  th e  decay o f  Na n u c l e i .
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B.2 The d e t e r m i n a t i o n  o f  £, (O•717 MeV Y-ray)
The t o t a l  e f f i c i e n c y ,  t h a t  i s  th e  p r o b a b i l i t y  o f  
d e t e c t i n g  a Y-ray e m i t t e d  i n t o  4 7C s t e r a d i a n s  from a p o i n t  
s o u rc e  S,  i s  g iv en  by
Y-ray
Crys ta l
f i g .  B1
T 0  _ e -  T x ) sin© d©
f c 2 = S J 0
where TT = a b s o r p t i o n  c o e f f i c i e n t  i n  t h e  c r y s t a l .
Th is  i n t e g r a l  has  been p l o t t e d  f o r  Nal c r y s t a l s  a s  a f u n c t io n  
o f  Y-ray energy by Marion ( i 9 6 0 ) .
However, when t h e r e  i s  a b s o r p t i o n  in  media  between the  
Y-ray  source  and th e  d e t e c t o r ,  as  i n  t h e  p r e s e n t  c a s e ,  th e  
e f f i c i e n c y  i s  g iven  by
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£.1 = i / e“aX e” S  CiZi (1 - r x ) Si„e d 0 
0
where X  ^  are the absorption coefficients for the different 
media - the brass walls of the target chamber, the tantalum 
cylinder and lining, the 0.32 cm lead sheet and the aluminium 
casing of the crystal. This integral was performed numerically 
using Simpson's Rule, yielding ^  = 0.066, a value which indicated 
that there was 48 percent absorption in the media listed. The 
error involved in such a calculation may be large. For example, 
the calculation assumes that the photopeak of the full energy 
Y-ray is infinitely narrow, that is, that any scattering whatever 
prevents the detection of the Y-ray. In fact, finite resolution 
and a quite broad single channel analyser window were used.
It was decided to check the calculation by measuring
137experimentally the absorption for the Cs , 0.66 MeV Y-ray.
This was done by simulating as nearly as possible the actual 
experimental conditions on a bench, but in a manner that enabled 
the absorbers to be removed. Under a wide range of experimental 
conditions (SCA window width, source position, etc.) the absorp­
tion was consistently 10 percent greater than the calculated 
value. This was considered reasonable agreement, the experimental 
value being used in the calculations of the reaction cross section 
because of its consistency.
' Fig* C1 This figure is explained in the text
C
H
A
N
N
EL
 
N
U
M
B
E
R
A«H - A9d3N3 avi a3ivinoivo
Fig, C2 This figure is explained in the text.
(63-54 4
O
B
SE
R
VE
D
 
LA
B
. 
E
N
E
R
G
Y
-M
eV
103
APPENDIX C
3
The i d e n t i f i c a t i o n  o f  t h e  He g ro u p  f rom t h e  p r o t o n
10 8 bombardment o f  B , p r o c e e d i n g  t o  t h e  g round  s t a t e  o f  Be , i s
t h e  s u b j e c t  o f  t h i s  a p p e n d i x .
F i r s t l y ,  a t  a  p r o t o n  e n e r g y  o f  4 . 4  M e V , c h a r g e d - p a r t i c l e
s p e c t r a  were  t a k e n  a t  l a b o r a t o r y  a n g l e s  o f  3 0 ° ,  50° ,  7 0 ° ,  9 0 ° ,
110° ,  130° and  150° .  The m u l t i c h a n n e l  a n a l y s e r  u s e d  was
c a l i b r a t e d  f o r  c h a n n e l  number v e r s u s  p a r t i c l e  en e rg y  u s i n g  t h e
p o s i t i o n s  and  c a l c u l a t e d  e n e r g i e s  o f  t h e  a Q and g ro u p s  f rom  
10 7t h e  B 1 (p | t t ) B e  r e a c t i o n .  The p o s i t i o n  o f  t h e  ’’unknown” p e a k
a t  each a n g l e  was p l o t t e d  on t h e  r e s u l t i n g  c u r v e ,  and t h e
e n e r g i e s  o f  t h e  g r o u p s  so o b t a i n e d  was found  to  be c o n s i s t e n t
w i th  t h o s e  e n e r g i e s  c a l c u l a t e d  f rom  t h e  k i n e m a t i c s  o f  t h e
B ^ ( p , H e ^ ) B e 8 r e a c t i o n  ( s e e  f i g u r e  C l ) .
S e c o n d l y ,  s p e c t r a  were t a k e n  a t  l a b o r a t o r y  p r o t o n
e n e r g i e s  o f  4 . 0 ,  5 . 0 ,  6 . 0  and 7 . 0  MeV, and a p l o t  made o f  t h e  
3
c a l c u l a t e d  He en e rg y  v e r s u s  t h e  o b s e r v e d  e n e r g y  o f  t h e  ’’unknown” 
p e a k .  A s t r a i g h t  l i n e  o f  u n i t  s l o p e  r e s u l t e d ,  a s  f i g u r e  C2 show s .
The ’’unknown” p e a k  was t h e r e f o r e  u n am b ig u o u s ly  i d e n t i f i e d
3 10/ 3 \  8a s  t h e  He g r o u p  from t h e  r e a c t i o n  B ( p , H e Q;Be •
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